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ABSTRACT
A stu d y  is reported  which investigates the  use  of com m ercial 
u ltra so n ic s  to  determ ine m oisture  con ten t in geologic an d  sim ilar 
m aterials. T ransm ission  experim ents were perform ed on two of the 
lim iting extrem es found in these types of m edia. In one, te s ts  were 
m ade on m oistened  san d . In the  o ther, frac tu red  m ed ia  were 
experim entally sim ulated with a stack  of ceram ic tiles w ith gaps filled 
w ith  an d  w ith o u t w ater. A sim ple th eo re tica l m odel h a s  been  
developed to estim ate  velocities and tran sm itted  am plitudes th rough  
the  tile system , and calculations from this model are  com pared to the 
experim ental da ta . It appears th a t u ltrason ics are m ore sensitive to 
m oisture content in  system s where the am ount of g ranu lar m aterials is 
sm all com pared to consolidated media.
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C hapter 1
INTRODUCTION
1.1 MOTIVATION
The m otivation of th is  research  w ork is to s tu d y  fluid flow 
th rough  various geological m edia like sand, rocks, etc. in  m oderately- 
sized laboratory  experim ents. Of pa rticu la r in te res t is the  stu d y  of 
u n sa tu ra te d  fluid flow th rough  fractured media. To achieve th is  it is 
im portan t to determ ine the m oisture content th roughou t the  m edia of 
in te res t a s  a  function of time. There are m any approaches th a t can be 
u sed  to m eet th is  goal. Most of these techn iques are  invasive in 
na tu re . Some of these invasive approaches include resistivity  probes, 
capacitance probes and gam m a ray a ttenuation  devices [1], However, 
for laboratory-scale  experim ents of fractured  m edia, the  presence of 
invasive devices in  sufficient num bers m ay a lte r th e  flow field in 
un d esirab le  ways. Non-invasive m ethodology does n o t p e rtu rb  the 
existing flow paths, nor generate new ones in the tes t media. For th is 
reason  m ethods th a t do not penetrate  the m edia are prefered.
The m akeup of a  typical fractured geological m edium  consists of
1
th ree  types of m ate ria ls  (see Fig. 1.) F irst, th e  bu lk  m ay be a  
consolidated m aterial, w ith a  fracture (typically air- or water-filled). 
There could also be pockets of more or less g ranu lar forms, essentially 
rubble  from the frac tu re  surface or m aterial carried  by groundw ater 
flows from above. C onsidering th is  sim plified m odel of m ateria ls  
w here g roundw ater flows m ay occur, the  problem  w as to evaluate 
situ a tio n s th a t  rep resen ted  the  ability to sense  m oisture  in  each  of 
these com binations.
U ltrason ic  energy  m ay hold som e p rom ise to achieve th is  
objective of m easu rin g  th e  m oistu re  c o n te n t in  th e  rocks non- 
invasively. Also the  objective w as to see if com m ercial u ltrason ics 
equipm ent can  be a  simply applied tool for the  stud ies of th is sort.
Key
I I Consolidated 
1 1 Medium
Rubblized
Medium
Fracture
Figure 1 Simplified model of a  typical tes t section showing the various 
com binations of m ate ria ls  th a t m ight be p re sen t. Any m oistu re  
p resen t would be found prim arily in the shaded areas. (Not to scale.)
1.2 TYPES OF EXPERIMENTS
3
The inference of m oisture content using  u ltrasonics w as the  first 
step  to carry stud ies on the fluid flow through a  fractured rock system . 
The basic idea to infer m oisture using u ltrason ics was to observe for 
va ria tion  in th e  charac teristics of high frequency u ltraso n ic  s tre ss  
waves su ch  as velocity and attenuation. The velocity could be either a  
co m p ressio n a l or sh e a r  wave (or both) velocity. In all of o u r 
experim en ts th e  change in  the  com pressional wave velocity as a 
fu n c tio n  of m o is tu re  c o n te n t w as m o n ito red . In  fac t th e  
com pressional wave velocity w as not m easured  b u t the  wave tra n s it 
tim e inversely proportional to the  com pressional wave velocity w as 
m easu red . Two se ts  of experim ents were conducted  to s tu d y  the  
inference of m oisture content using  u ltrasonics due to the  n a tu re  of a  
typical geological fractured m edia illustra ted  as above. F irst a  se t of 
experim ents w as conducted on sand  mixed w ith various proportions 
of w ater. A second se t of experim ents w as conducted w ith m oisture 
in  a  s tack  of house-hold  tiles. The first experim ent w as aim ed a t 
inference of m oisture in the fine g ranu lar m edia while the  second one 
w as for the  inference of m oisture in a rock m edia with lateral cracks.
1.3  VELOCITY CALCULATIONS
A brief description of the equations used  for velocity calculations 
(theoretical) in  a  tile system  (sim ulan t frac tu red  rock  system ) is 
p resen ted  here . The velocity in a  dense ceram ic tile is calcu lated  
from the  wave tran s it time (experimentally observed) required to pass
4th rough  a  know n tile th ickness. The gaps betw een the  tile m edium  
c o n s titu te  th e  porous m edia. The po rous gap is m ade of two 
com ponents nam ely tile and  a ir or tile and  water. The velocity in  a  
porous gap is calculated from the estim ation of bu lk  properties of the 
com posite m edium  such  as the  effective density  and  effective bu lk  
m odulus. Once the bulk  density  and bu lk  m odulus are  know n the 
velocity in  a  porous gap is easily calculated . Velocity is d irectly  
p ro po rtiona l to the  sq u are  root of b u lk  m odu lus a n d  inversely  
proportional to square  root of bulk density. With the velocities in tile 
and porous gap known the tran sit time through  tile system  is the  sum  
of travel tim es in tiles and porous gaps.
1.4  EXPERIMENTAL TECHNIQUES
There are  two propagation techniques th a t are widely practiced  
w hen using  th e  ultrasonic sound energy for the  experim entation: the 
pu lse-echo  and  the  th rough-transm ission  technique. In  th e  pu lse- 
echo m ethod only one transducer, w hich ac ts  bo th  a s  a  tran sm itte r  
an d  receiver, is used . Som etim es d ua l tra n sd u c e rs  are  u sed  and  
hence one tran sd u ce r acts as a tran sm itte r and  the  o ther one as a  
receiver. In the pulse-echo m ethod both the  transducers are m ounted 
on the sam e side of the test specimen. In the  through- transm ission  
propagation  technique the tran sducers  are  necessarily  m ounted  on 
the  opposite faces of the test specimen. E ither one of the  tran sd u ce rs  
can  be m ade to ac t as a  tran sm itte r while the  o ther one ac ts  a s  a 
receiver. A su itab le  coup lan t is alw ays u sed  for th e  effective 
transm ission  of ultrasonic sound signal. A couplant is a  liquid m edium
w hich is sandw iched between tran sd u ce rs  and the surface on w hich 
th e  tra n s d u c e rs  are  m ounted  to m axim ize the  tra n sm iss io n  of 
u ltrasonic  sound  energy. In the absence of a  couplant there is a  very 
sm all (microscopic) air gap presen t betw een the tran sd u ce rs  an d  the  
su rface  of co n tac t of the  tran sd u ce rs . As a  resu lt, m ost of the  
u ltra so n ic  energy is reflected back  a t  the  tran sd u ce r-a ir  in terface. 
This g rea te r reflectance of energy is due  to the  large difference in 
im pedance  (product of density  and  the  velocity of so u n d  in  the  
m edium  for w hich the im pedance is calculated) betw een tra n sd u c e r 
and  air. Some of the couplants which are  widely used  in u ltrason ic  
testing  are w ater, glycerine and light weight m ineral oil. E ither one of 
th e se  te c h n iq u e s  (nam ely the  p u lse -ech o  m ethod  or th ro u g h -  
tra n s m is s io n  techn ique) is u sed  d epend ing  u p o n  th e  type  of 
application. In the  pulse-echo tran sm ission  technique the  signal is 
passed  th rough  the  tes t specim en and  the  resu lting  reflections from 
the im perfections like grains and pores are visualized on the screen  of 
the  oscilloscope. The possibility of using  th is  m ethod for ou r purpose 
h a s  been  ru led  ou t because of the  fact th a t  there were too m any 
reflections (like the  walls of the  con ta iner a p a rt from n a tu re  of the  
sand  being a ttenuating  and also due to air gaps which arose due to our 
experim ental se t up). This m akes it difficult to differentiate the  echo 
from the  opposite face from others. In the  light of these  facts it w as 
though t the  through-transm ission  technique works better, an d  th is  is 
corroborated by our experim ental observation.
61.5 OVERVIEW OF THESIS
A b rie f lite ra tu re  survey in th e  a re a  of re la ted  re se a rc h  is 
p resen ted  in the chap ter 2. C hap ter 3 describes the  experim ental 
se tu p  and  th e  types of experim ents conducted. In C hap te r 4 the 
experim ental observations for sand-w ater and  tile-w ater system s are 
p resen ted . In C hapter 5 the  experim ental re su lts  a re  ju stified  both  
qualitatively and  quantitatively. C hapter 6 provides the conclusions 
an d  the  recom m endation for using  a tten u a tio n  a s  an  alternative  for 
m o istu re  m easu rem en ts . In the  Appendix, a  lite ra tu re  review on 
a tte n u a tio n  c h a rac te ris tic s  is inc luded  w hich m ay be u se fu l for 
carrying out fu ture stud ies in  which a  variation in a ttenuation  could be 
used  for m oisture m easurem ents.
C hapter 2
LITERATURE REVIEW
2.1  INTRODUCTION
M oisture can  be inferred from variations in the  velocity of stress 
waves (like high frequency u ltrasonic sound waves) since the am ount 
of w ater p resen t in the m edia affects the way the waves travel through 
the  m edia. This holds for m ost media. There have been a  num ber of 
theo re tica l and  laboratory  s tu d ies  to determ ine th e  dependence of 
e la stic  wave velocity on the  m oisture  co n ten t in  v a rio u s geologic 
m edia. Some of the  experim ental stud ies carried  o u t in  the  p a s t to 
determ ine the variation of elastic wave velocities in partially  sa tu ra ted  
m ed ia  include th e  works of G assm an [2], W hite and  S engbush  [3], 
B rand t [4], Hicks and Berry [5], Nur and Sim m ons [6], Wyllie et al. [7], 
H ughes and Kelly [8], Peterson [9], Knight [10], Wyllie e t al. [11] an d  
Toksoz et al. [12]. While m ost of th is work was directed to issues only 
peripherally  related  to the  p resen t work, it does help  to develop an  
un d ers tan d in g  of the transm ission  of u ltrason ic  energy in  system s of 
in te re s t here.
G a ssm a n 's  [2] eq u a tio n  for the  speed  of so u n d  w aves in 
hexagonal packing of spherical grains with pores filled by a  liquid is
8V= —  (-£ b2 + 16c)
[Peff U> I
( 1)
w here
Pejf = ( l -® )P s  + ® P f
a
D 0  (1-2 s)
Kf +Z- E ~
24(l-2c)c
E
l
1 2 n E 2 [ps -p f }g Z
2V 2 ( 1 - * 2)2 J
ps = density  of the  grains
E  = young's m odulus of grains
e = poisson 's ratio of grains
K j  = bu lk  m odulus of liquid
p j  = specific gravity of sa tu rating  liquid
0  = fractional porosity
Z  = dep th
V  = vertical com pressional velocity
G assm an 's  [2] equation  is applicable to a  self-loaded system  
w here th e  p ressu re  on the spherical grains a t a  given location is the
9weight of a  colum n extending from th a t location to the  surface and  the 
hydrosta tic  head  on the  fluid is the  weight of a  colum n of su c h  fluid 
extended to the  surface. The constan t 'c' depends on the  difference 
of fo rm ation  and  overburden p ressu re . O ur tile experim en t w as 
conducted  u n d e r norm al atm ospheric conditions. For the  tile system  
on w hich m oistu re  m easurem ents were m ade the  ex ternal p ressu re  
an d  th e  pore fluid p ressu re  (pressure  in the  fluid p re se n t in the  
p o ro u s gap) are  equal. Both p ressu re s  are equal to a tm ospheric  
p ressu re . Hence the constan t 'c' for our system  is zero because  the 
difference betw een the overburden p ressu re  and form ation p ressu re  
(ps-  p j ) g Z  is zero for the  tile system . On su b s titu tio n  for c = 0
G assm an 's  equation  reduces to V(Keff/ p eff) ( equation (8) p resen ted  in 
the  la te r p a rt of th is thesis) which w as used  for determ ining velocities 
in the porous gap of the sim ulated fractured rock system .
G assm an 's  [2] equation p resen ted  above h as  been  derived for 
calculating velocities of com pressional waves for the  liquid sa tu ra tin g  
the  pores p resen t in the  m atrix  of the  rock. Sim ilarly W hite and 
Sengbush 's [3] equation and B randt's [4] equation presented  below are 
usefu l for calcu lating  the velocities in  th e  m atrix  w hose po res are 
filled w ith  liquid. The tile system  on w hich m oisture  m easu rem en t 
experim en ts w ere conducted  was basically  aim ed a t  s im u la tin g  a 
dense rock having lateral cracks. The porosity of the  rock  itse lf is 
very sm all. In fact the porosity of the tile was neglected w hich was 
very sm all w hen compared to the porosity due to cracks in  tile system . 
We have p resen ted  G assm an 's and o ther equations w ith a  view th a t 
these  equations are not different from the equation V(Keff/ p eff) u n d er
c e rta in  cond itions. The basic  p rincip le  seem s th a t  for velocity
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calculations in a porous m edia one needs to calculate the effective bulk 
m odulus and effective density of the porous system . This is the  sam e 
w hether the  porosity is due to pores in the m atrix  or cracks as in the 
fractured  rock system.
W hite and  Sengbush 's [3] equation for the speed of the  sound  
waves in a  cubical packing of spherical grains w ith a  liquid occupying 
the  pore spaces is given by
V =
1 - 0  . 0 
+ K f
7tE2(ps - p f ) g Z  
16(1- e2) 2
1
2
(2)
(1 -  0) p s-  0  p j
where Ks is the bulk m odulus of the grains
On the sam e lines of the argum ent presented above in the  case 
of G assm an 's equation. White and Sengbush 's [3] equation also reduces 
to th e  expression  V(Keff/ p eff) w hich we have u sed  for theo re tica l 
com putation of velocities in the porous media. The term  (p s- p j ) g Z  is
zero in the  above equation for our sim ulated tile system.
B rand t's [4] equation applies to random ly packed, non  spherical 
partic les, w ith variable porosity. U nder sa tu ra ted  cond itions th is 
expression m ay be w ritten as
1 5
5.75 (P0 - CiPf)  6 [ l + l 7 . 5 k K j L 5 (P0 - C i P j ) 1/2}6
<P1/ 2 [(1 - O) ps + <Ppj] 2 fc l/3 ^  + 26.3 fcK j1-5 (P 0 - C i P j ) ~ 1 / 2 f
V  = Y (3)
w here V is vertical com pressional velocity in feet per second
P q  is the pressure  on the frame of the rock in pounds per
square  inch
Pf  is the p ressu re  on the liquid in pounds per square  inch
C jis a  constant near unity.
k  is a  constan t which is determ ined by the rock.
Kf is the bulk m odulus of the saturating  fluid.
The above three equations m ay be used  to evaluate theoretically 
the  effects of changes in various param eters. These equations can  be 
very  u se fu l for determ in ing  the  velocity of s tre s s  w aves w hen  a 
m edium -scale  experim ent is se tup  for carrying o u t the  u n sa tu ra te d  
fluid flow m easurem ents in the fractured rock system.
2 .2  FACTORS AFFECTING THE VELOCITY OF 
PROPAGATION
In addition to saturation , the velocity of propagation of u ltrasonic 
s tre ss  waves depend on several factors. Hicks et al. [5] have listed 
m any  fac to rs w hich influence th e  velocity of p ropagation  th rough  
p o ro u s m edia like rocks. They have also d iscussed  th e  effect of 
p ressu re  on the frame of rock and  fluids, porosity and com pressibility 
of fluids in  detail. Some of the major factors are listed below.
1. E lastic constan ts of the  grains com prising the  fram ework of 
the  rock.
2. Pressure on the rock frame.
3. P ressure on the fluid.
4. Density of the fluids p resent in the cracks and  pores.
5. Porosity.
6. Cementing m aterial bonding the grains.
7. Tem perature.
8. Com pressibility of the fluids present in the rocks
9. Grain density.
10. Direction in case of anisotropy.
11. D ispersion (the velocity dependence on the  frequency).
12. Permeability.
D iscussion of some of the factors influencing the  velocity of 
propagation follows.
2 .2 .1  EFFECT OF SATURATION
In the  p a s t m uch  work h as been done by m any researchers to 
investigate  the  effect of sa tu ra tio n  on the  velocity of p ropagation  
th ro u g h  various media. It w as show n by Nur and  Sim m ons [6] th a t 
sh e a r  and  com pressional wave velocity a re  significantly  lower n ear 
a tm o sp h eric  p re ssu re  th a n  a t a  few k ilobars for d ry  rocks w ith 
porosity  in  the  form of cracks. With the  presence of w a ter in the 
c ra c k s  o r crev ices th e  velocity  is tre m e n d o u s ly  re d u c e d  for
com pressional waves. In com parison, sh e a r  wave velocity is not 
dependent on the presence of the fluid. They found th a t the shape of 
th e  pores in  typical crystalline rocks is an  im p o rtan t factor. The 
com pressional velocity due to sa tu ration  of pores increases only w hen 
the  pores are in the form of cracks b u t not in the  form of round holes.
A sim ple experim ent w as conducted by Nur and  Sim m ons [6] a t 
room  te m p e ra tu re  an d  p re s su re  to d e m o n s tra te  th e  effect of 
sa tu ra tio n  on velocity of elastic waves in some rocks. Fig. 2 is the 
g rap h  from th e ir paper [6] reproduced here  to show  the  velocity- 
sa tu ration  relation.
In Fig. 2 the com pressional velocity wave velocity in a  sam ple of 
g ran ite , in itially  sa tu ra te d  w ith w ater b u t allowed to dry in  the 
atm osphere over a  period of four days, is plotted as a  function of time.
It can  be seen th a t the velocity changes drastically during  the first few 
h o u rs  of the  experim entation . The inclusion  of fluid in  the  micro 
cracks in rock greatly increases the com pressional wave velocity while 
th e  sh ea r velocity rem ains unchanged. Therefore, th e  effective bulk  
m odulus of a  rock is very sensitive to the degree of sa tu ration .
2 .2 .2  EFFECTS OF PRESSURE
One of the im portant factors affecting the  velocity of propagation 
th rough  a  m edium  is the  p ressure . Hicks et al. [5] have presented  in
th e ir paper th a t in the equation noted by G assm an [2] and  also in the 
equation  of W hite and  Sengbush  [3] the  te rm s k(p s-  pj)gZ  can  be 
replaced by C j ( p 0 -  cpj) where p 0 is the overburden p ressure , p j  is
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Figure 2  The velocity of com pressional waves in  Chelmsford granite, 
initially sa tu ra ted  w ith water, as a function of time. The sam ple was 
sub ject to room tem perature, pressure and hum idity. The decrease of 
V is caused  by slow evaporation of water. After [3].
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the  form ation pressure, and  C j is an  appropriate constan t. It should 
be rem em bered  th a t the  p ressu re  w hich influences the  velocity of 
p ro p ag a tio n  is ac tu a lly  th e  difference betw een th e  o v e rb u rd en  
p ressu re  and the hydrostatic p ressure. The velocity is no t dependent 
on the absolute  m agnitude of either.
A sandstone  under a  norm al p ressu re  on its fram ew ork and  a 
high p ressu re  on its fluids will have an  abnorm ally low velocity because 
of th e  term  (p0 -  CiPj) being sm all. Sim ilarly a  sand  having a  high
p ressu re  on its  skeleton and a  norm al or low pressure  on its fluid will 
have high velocity because the term  (p0 -  CiPj) becom es large.
For th e  m easurem ent of the velocities in sa tu ra ted  specim ens 
u n d e r applied  p ressu re  it is im p o rtan t to consider pore p ressu re . 
W hen th e  pore  p re s su re  eq u a ls  th e  ex te rn a l p re s s u re , th e  
configuration of pores and cracks rem ains unchanged from the initial 
u n s tre s se d  configuration . An in crease  of the  ex te rn a l p re s su re , 
accom panied by equal increase of pore pressure , affects only slightly 
th e  velocity in  the  sam ple. If the  pore p ressu re  is sm all, th e n  the  
c racks close u n d e r external s tre ss  and  the  velocity increases w ith 
s tre ss . T hus, in  the  experim ents involving bo th  p re ssu re  and  pore 
fluid, the  pore fluid pressure  m ust be specified in order to obtain  the 
effective p re ssu re  w hich is defined as th e  difference betw een the  
external and pore fluid pressure.
The effect of p ressu re  w as no t considered  in  o u r ana ly sis  
because the  external pressure  and hydrostatic p ressu re  acting on our 
sim ula ted  frac tu red  rock system  are the  sam e. The p ressu re  effect 
needs to be tak en  into accoun t for th e  velocity ca lcu la tions as a
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function  of m oisture w hen a  m edium -scale fractured  rock system  is 
se tup  for performing the u n sa tu ra ted  fluid flow experiment.
2 .2 .3  EFFECT OF COMPRESSIBILITY
E q u atio n s  (1-3) for velocity of p ropagation  can  be u se d  to 
evaluate theoretically the effects of various param eters. The effects of 
varying com pressibilities of the sa tu ra ting  fluids can be evaluated from 
the velocity expressions. It should be noted th a t the porosities in the 
case of hexagonal and cubical packing of spheres are fixed a t 0 .26 (26 
percen t) an d  0 .476 (47.6 percent). In B ran d t's  [4] eq u atio n  the  
porosity can  be varied. Relatively very high velocities were observed by 
Hicks an d  Berry [5] w hen the  sa tu ra tin g  fluid is sa lt w ater w ith  a  
co m p ressib ility  of 2 .068  x 1 0 '7/b a r .  The velocities d ec rease  
appreciably  as the compressibility of the sa tu ra ting  fluid increases. It 
w as a lso  concluded by them  th a t  in rocks the  m axim um  velocity 
varia tion  expected from a  m axim um  change in  the com pressibility of 
the  sa tu ra tin g  fluid is of the order of 15 to 20 percent. In the case of 
less po rous rocks it w as found th a t the  effect of com pressibility  is 
quite negligible. It was found th a t in san d s of 30 percent porosity one 
could expect th a t the sa tu ra ting  fluid would influence the  velocity to 
th e  ex ten t of 600 m /s , while in the  case  of rocks of 10 p e rcen t 
porosity  th is  effect m ay be a tten u a ted  to a  165 m /s , and  probably 
becom es negligible. The com pressibility of the sa tu ra tin g  fluids is a  
im portan t in  determ ining the velocity of sound  in  reservoir rocks of 
high (20 to 30 percent or more) porosity. In the rocks of low porosity
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it w as found th a t the compressibility of sa tu ra ting  fluid becom es m uch 
less significant and the dom inant factor is the rock itself.
2 .2 .4  POROSITY
The following equation , form ulated  by Wyllie, G regory and 
G ardener [7], relates velocity and porosity.
<P = porosity
V = tim e-average velocity.
Vi= velocity in the m edium  1
V2= velocity in  the  m edium  2
T hus the theoretical velocity is the  tim e-average velocity if the 
wave travel is directly th rough  the  system  w hether the  w avelengths 
are large or small. This is because of the  fact th a t the  wave velocities 
a n d  tra n sm iss io n  coefficients are  in d ep en d en t of frequencies for 
elastic m edia w hen there is no slippage or separation  of interfaces.
There is another form ula presented by Wyllie et al. [7] w hich is
1 + q
(5)
w here f  and  s  subscrip ts stand  for liquid and solid com ponents. 
<2> = fractional porosity 
V  = velocity for the system  as whole
ps= density  of the solid constituent 
p j  = density of the liquid constituent
q is related to the m odulus of rigidity for the system  as a  whole
q=0 for liquid sa tu rated  system s
qs is 0 .6  for the solid sa tu rated  system.
The above equation is also the sam e as the equation  V(Keff/ p eff)
p resen ted  in the later p a rt of th is thesis for the velocity determ ination 
in th e  porous gap because qs= 0 for the  tiles system . The velocity is
th u s  seen  to be dependent on the  effective bu lk  m odu lus and  the  
effective density  of the system  under consideration.
2 .3  ADDITIONAL LITERATURE REVIEW
In th e  prev ious sec tions fac to rs affecting th e  velocity  of 
propagation of stress waves and the role of some of these factors have 
been covered in detail. In th is section the  research  work conducted  
by several au tho rs in the area  related to th is thesis work is presented.
Wyllie e t al. [7] m easu red  long itud inal wave velocity  u s in g  
u ltra so n ic  wave frequencies in  the  range betw een 200 an d  1000 
kilocycles in num erous synthetic and  n a tu ra l porous m edia a t room 
tem p era tu re  and  p ressure . They have found th a t the  velocity w as 
independen t of the frequency com ponents of the tran sm itted  signals 
for a  variety of m oisture contents, pore contents, sa tu ra tio n  condition 
w ith different liquids and m atrix na tu re  of sedim entaiy  rocks.
H ughes and  Kelly [8] m ea su re d  th e  d ila ta tio n a l w aves in 
sa n d sto n es  u n d er different p ressu res  and  tem pera tu res. They have
19
also m easured  the dilatatlonal velocity a t a  given p ressure  w ith varying 
m oisture content in  different core sam ples.
P a te rson  [9] h a s  carried  o u t theoretical an d  experim en tal 
s tud ies on the m anner in which sound waves are propagated through 
porous g ranu lar media. He found th a t in general two waves of volume 
e x p a n s io n  a re  p ro p a g a te d  a n d  th a t  th e se  involve co u p led  
d isp lacem ents of bo th  constituen ts  of m edia (solid and  liquid or gas 
constituen ts of porous media). The waves are term ed frame waves, air 
o r liqu id  w aves depending  u p o n  the  rela tive  d isp lac em e n ts  of 
constituen ts . He found th a t the frame wave velocity is dependen t on 
the  fram e strength , densities of solid, pore filling m ateria ls and  the 
tex tu re  of the  m edium . Air- and  liquid-wave velocities are related  to 
the  tex tu re  of the m edium  and to the density and viscosity of the  pore 
filler.
Knight [10] has conducted a  laboratory study  of the dependence 
of elastic wave velocities on pore scale fluid d istribution  in sandstone. 
She m easu red  the com pressional wave velocity a t  a  frequency of 1 
MHz and  sh e a r wave velocity a t 600  kHz. She h a s  p resen ted  the 
re su lts  of com pressional and shear wave velocities a s  a  function  of 
w ater sa tu ra tio n . She observed th a t since elastic wave velocities are 
very sensitive to the  saturation  sta te  in the sm aller "crack-like" pores, 
the  v aria tions in the  fluid d istribu tion  cause re la ted  varia tions in 
velocities.
Wyllie e t al. [11] have carried ou t experim ents to determ ine the 
effect of porosity, effective p ressure  (difference of confining and  pore 
p ressure), and  presence of various sa tu ra ting  fluids in  different rock 
sa m p le s  (conso lidated  and  u n conso lida ted ). They found  th a t
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m e a su rin g  velocity in  un co n so lid a ted  aggregates u n d e r  v a rio u s 
p ressu res  and pressure differentials is not easy. Dry (i.e. air saturated) 
agg regates show  high  signal a tten u a tio n . Even th ro u g h  liquid- 
sa tu ra te d  aggregates the  s tren g th  of the  signals observed is m uch  
poorer th a n  through consolidated sam ples of com parable porosity and 
length. They found th a t in addition to the  dependence of velocity on 
porosity, differences of as m uch as 30% were m easured  betw een the 
cores of 100% w ater-sa tu ra ted  and 100% air sa tu ra ted . They also 
found th a t  the  velocity through the vugular specim ens, and  to a  lesser 
ex ten t frac tu red  ones, does no t depend upon  th e  to ta l porosity . 
A pparen tly  frac tu re s  p erp en d icu la r to energy p a th s  m ay n o t be 
bypassed  b u t m ay give longer tran s it tim es due to a tten u a tio n  of the 
signal. Air filled frac tu res trem endously  decrease the  tran sm itte d  
energy level. Wyllie also found th a t as  the  p ressu re  differential is 
low ered and  c rack s becom e n u m ero u s , the  signal w hich  trave ls  
prim arily th rough  the rock m atrix  suffers additional energy losses and  
increased  tra n s it  time. The presence of air increases the  reflection 
coefficient for a  signal passing  from rock to s a tu ra n t and  lowers the  
observed velocity.
T oksoz  e t a l. [12) have  c o m p u te d  th e o re tic a l ly  th e  
c o m p ress io n a l an d  sh e a r  wave velocities in  p o ro u s  rocks and  
com pared  th ese  w ith available labora to ry  da ta . T heir theore tical 
ca lcu la tions show  th a t  w ith all o ther param eters fixed, th in  pores 
(small a sp ec t ratio) have m uch greater effects on elastic  m oduli and 
velocities th a n  rounded  pores a t  th e  sam e co n cen tra tio n . The 
p ro p e rtie s  of th e  s a tu ra tin g  fluid have g rea te r effects on the  
com pressional velocities th an  on the sh ear velocities. They found th a t
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the  com pressional wave velocity is higher when the rock is sa tu ra ted  
w ith w ater th an  when it is dry or gas sa tu rated . For the  sh e a r  waves 
the behavior is generally opposite.
The knowledge and  the  u n d e rs tan d in g  of the  dependence  of 
elastic wave velocities on the varying am ount of m oisture gained from 
the  lite ra tu re  review could be applied to the problem  of the  stu d y  of 
fluid flow th rough  the  cracks (fissures) in rocks. In general, fractured  
consolidated m aterial m ay consist of very dense, low porosity regions, 
a ir /w a te r  filled frac tu res, and  dry or m oist g ran u la r  a reas . The 
e x p erim en ts  conducted  as a  p a r t  of th is  th e s is  a re  a im ed a t 
u n ders tand ing  ultrasonic transm ission  in these types of regions.
C hapter 3
APPARATUS AND EXPERIMENTAL 
PROCEDURE
3.1  INTRODUCTION
The u ltim ate  objective is to perform  u n sa tu ra te d  flow stud ies 
th rough  the fractured rock system s using u ltrasonics. By m easuring  
the quantity  of the fluid (like water) a t a  particu lar location a t  different 
tim es we can quantify the  rate  a t which the fluid flows th rough  the 
given m edia. In trying to reach  th is  objective the  first and  forem ost 
ta sk  w as to evaluate the  feasibility of using  com m ercial u ltrason ics 
equipm ent to determ ine the m oisture content and  also how ultrasonic 
signals respond to variations of the  m oisture in the u n sa tu ra ted  media.
In m aking the m oisture determ ination in the  u n sa tu ra te d  m edia 
the variation in the  characteristics of ultrasonic waves a s  a  function of 
m oistu re  conten t w as observed. There are two options nam ely wave 
velocity  and  a tte n u a tio n  of u ltra so n ic  wave signal to  de te rm ine  
m oisture. Observing for the change in a ttenuation  as the m oisture was 
varied  w as no t prefered  to observing velocity due  to  th e  highly 
a t te n u a t in g  n a tu re  of b o th  sa n d  an d  f ra c tu re d  ro ck  m edia. 
C om pressional wave velocity m easurem ents seem ed m uch  b e tte r in
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com parison  to the  o ther option in m oisture m easu rem en ts. In fact 
co m p re ss io n a l wave velocities w ere n o t c a lc u la te d  b u t  wave 
tran sm iss io n  tim e (inversely proportional to velocity) were m easured  
in  th e  experim ents. C om pressional wave velocity an d  am p litude  
m easu rem en ts were m ade a t 0.5 MHz frequency.
3 .2  EXPERIMENTAL APPARATUS
The following equipm ent has been used for experim entation.
• D igital/analog oscilloscope (Tektronix model no. 2214).
• High voltage p u lse r/rece iv e r equ ipm ent (Panam etrics m odel no. 
5058).
• S ta n d a rd  0.5 MHz con tac t tra n sd u c e rs  (Panam etrics V ideoscan 
V101-RB) used in a  transm ission  configuration
• V arious sand  and ceramic tile tes t elements.
Two basic  types of experim ents were perform ed to sim ulate  the 
extrem es th a t can be encountered in  fractured rock environm ents. In 
one, g ran u la r m aterials were used. In the  second, dense slab s were 
used  w ith gaps between them  to rep resen t fractures.
3 .3  PROCEDURE
Experim ents were conducted for:
1. O bserving th e  response  of u ltrason ic  so u n d  signa ls and  
change in the  wave tran s it time as the  am ount of m oisture p resen t in
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fine san d  w as varied. The sand was contained in an  acrylic p lastic  
tube. The san d  was used as a te s t elem ent sim ulating the  g ranu la r 
m ateria l th a t  would probably be encountered  in a  frac tu red  geologic 
environm ent.
2. O bserving the response of u ltrason ic  sound  signa ls and  
change in the  wave tran sit time as the am ount of m oisture p resen t in 
the coarse sand  was varied. This is sim ilar to item 1.
3. O bserving the  response of u ltrason ic  so u n d  signals and  
change in  the  wave tran sit time in a  s tack  of ceram ic household tiles 
(0.2 x  0 .2  x 0.005 m) as the num ber of gaps betw een the  tiles filled 
w ith w ater w as varied. The tile system  has been used to sim ulate the 
fractured  rock system  with m ultiple cracks.
In all th e  above experim ents th e  techn ique  u se d  w as th e  
th rough -transm ission  m ethod in th a t the  u ltrasonic  tran sd u ce rs  are 
m ounted  on the  opposite faces of the con ta iner (as in experim ent 1 
and  2), or opposite faces of tiles (as in  experim ent 3). The wave 
tra n s it  tim e (also called wave transm ission  time) was recorded. The 
"wave tran sm ission  time" is the time taken  by the u ltrason ic  wave to 
traverse  the  d istance between the tran sd u ce rs  m ounted on opposite 
faces of the  region of interest.
Fig. 3 show s the typical experim ental se tup  for m easuring  the 
m oisture u sing  ultrasonics. A key part of the  experim ental a p p ara tu s  
w as the  high  voltage pu lser/rece iver equipm ent. This w as used  to 
power the  u ltrason ic  transm itting  tran sd u ce r and  also to receive the  
transm itted  signals from the ultrasonic receiving transducer. The two 
tra n s d u c e rs  u sed  were s ta n d a rd  0 .5  MHz co n tac t devices from  
Panam etrics. From the pu lser/rece iver the  signals were taken  to a
25
digital/analog oscilloscope though an  RF ou tpu t for visual indication. In 
all experim ents the  technique used was "through transm ission" in th a t 
the  u ltrason ic  tran sd u ce rs  were m ounted on the  opposite sides of the 
m edium  u n der study, and the wave tran sit time was recorded.
In th e  f irs t  two ex p erim en ts , th e  ch an g e  in  th e  wave 
tra n sm iss io n  tim e (inversely p roportional to com pressiona l wave 
velocity) an d  signal am plitudes are  recorded a s  the  level of w ater 
sa tu ra tio n  w as varied in the sand  enclosed in  the  plastic container. 
F irst a  known weight (6.220 kg) of dry coarse sand  was used. Later the 
e x p e rim e n ts  w ere rep ea ted  w ith  fine sa n d . The u ltra so n ic  
tra n sd u c e rs  were m ounted w ith glycerine coup lan t on the  opposite 
faces of the  container. The tran sd u ce rs  were m ounted in the  center 
along the  length (dimension 0.254 m) and 0.05 m from the top (refer 
to Fig. 4). This h a s  been purposely done to minimize the effect of the 
walls of the  container. It h as  been experim entally observed th a t the 
bottom  wall of the  container influenced quite significantly the  wave 
tr a n s m is s io n  tim e a s  th e  t ra n s d u c e rs  (alw ays keep ing  th em  
d iam e trica lly  opposed) w ere low ered. The t r a n s i t  tim e and  
tran sm itted  am plitude of the u ltrason ic  waves traversing  across the 
sand-filled con ta iner were recorded. This process w as repeated  for 
various a m o u n ts  of w ater conten t in the  sand . The experim ental 
re su lts  for coarse and fine sand are given in Tables 1 and 2 (chapter 
4).
In th e  o th er m ajor se t of experim ents, a  s tack  of ceram ic 
househ o ld  tiles (0.2 x  0.2 x  0 .005  m) were held  together u sing  
silicone glue on th ree  sides. See Fig. 5. The fourth  side was left open 
for in troducing  w ater. The u ltrasonic tran sd u ce rs  were m ounted  on
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th e  opposite faces of th e  tiles a t the  geom etrical c en te r and  the 
tran sducers were held in  place using a  clamp. Glycerine was used as a 
coup lan t to the  tran sd u ce rs . This p a rticu la r se tu p  w as aim ed a t 
sim ulating  the  crevices in the rocks. Once again the  changes in the 
wave tra n s it  tim e and  tran sm itted  am plitude were recorded a s  the 
n u m b e r  of w a ter-filled  gaps in  th e  tile  sy s te m  w as varied . 
Experim ental resu lts  are tabulated  in the Table 3 (Chapter 4).
Test sample 
with two 
transducers
Pulser-
receiver Oscilloscope
Figure 3  The experim ental appara tus consisted of a  te s t sam ple 
outfitted  for ultrasonic transm ission  m easurem ents.
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Sand
Acrylic thickness 0.01 m
0.254
0.127
Transducer
Note: All dimensions In meters.
Figure 4  The experim ental se tup  show s the  acrylic con ta iner filled 
w ith sand  w ith transducers affixed to the outside. The se tup  was used  
for m easuring  the  effects of m oisture content in the sand.
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Tile, 0.005 thick
Gap
w w vw w vvw
Sealant
Transducer
0.2
Note: All dimensions in meters
Figure 5 The experim en tal se tup  u sed  four ceram ic  tiles w ith 
tran sd u ce rs  affixed to the outside. Gaps between the  tiles were sealed 
on th ree  sides.
C hapter 4
EXPERIMENTAL RESULTS
4 .1  INTRODUCTION
In th is  chap ter we presen t the experim entally observed resu lts 
for sand-w ater and  tile-w ater system s with a  brief d iscussion  of these 
results.
4 .2  SAND-WATER SYSTEM
Fig. 6 illu stra tes the dependence of elastic wave velocity on the 
m o is tu re  co n ten t p re se n t in the  sand . E xperim en tally  observed 
resu lts  for coarse and  fine sands with variations of m oisture are  shown 
in  T ables 1 an d  2 in  the  following pages. It h a s  been  found 
experim entally as show n in  Fig. 6 th a t the  wave tran sm iss io n  time 
does no t vary in the  case of fine sand  as the  m oistu re  con ten t was 
varied drastically .( from totally dry to fully sa tu ra ted  condition.) In the 
case of coarse sand  there was not a change in the tra n s it tim e except 
w hen the sand  w as fully sa tu ra ted  with water. There have been m any 
laboratory  s tu d ies  in the  p a s t to determ ine the  dependence of V" in  
different m edia on the m oisture content. Some of these  stud ies were
3 0
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TABLE 1
Experimental Data for Coarse Sand 
------------ p u l s e r / r e c e i v e r ........... .. oscilloscope
w a t e r w a t e r Rep. dam p. pu lse a t ten . gain v o l t s / t im e
(ml) (%) ra t e height div
(k) (W) (volts) (db) (db )  (volts ) (msec)
0 0.0 2.0 5 0 0 8 0 0 0.0 6 0 0 .05 160
2.0 5 0 0 6 0 0 0.0 4 0 0 .0 5 160
5 0 0 8.0 2.0 5 0 0 4 0 0 0.0 6 0 0.5 160
8 0 0 12.90 2.0 5 0 0 4 0 0 0.0 6 0 0.5 160
2.0 5 0 0 8 0 0 0.0 4 0 0.1 160
1 3 0 0 20 .96 2.0 5 0 0 6 0 0 0.0 6 0 0.5 160
2.0 5 0 0 8 0 0 0.0 4 0 0.1 160
1 6 0 0 25 .8 0 2.0 5 0 0 9 0 0 0.0 6 0 0.1 160
2.0 5 0 0 9 0 0 0.0 4 0 0.01 160
1 9 0 0 30 .6 4 1.0 5 0 0 9 0 0 0.0 6 0 0.1 150
1.0 5 0 0 9 0 0 0.0 4 0 0 .0 2 150
Note: weight of the sand used was 6.220 kgs.
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TABLE 2
Experimental Data for Fine Sand (moisture measurement)
-------------p u l s e r / r e c e i  v e r ------------  oscilloscope
w a t e r  w a t e r  Rep. d am p ,  p u l se  a t ten .  g a i n v o l t s / d i v  t im e
(ml)  (%) r a t e  he ig h t
(k)  (W) (volts)  (db)  (db)  (volts)  (msec)
5 0 0 7.1 1.0 5 0 0 9 0 0 0.0 6 0 0 .05 1 5 0
1.0 5 0 0 9 0 0 0.0 4 0 0.01 1 5 0
1 0 0 0 14.2 1.0 5 0 0 9 0 0 0.0 6 0 0.1 150
1 5 0 0 2 1 .3 6 1.0 5 0 0 9 0 0 0.0 6 0 0.1 150
Note: Amount of sand used was 7.020 kgs.
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Figure 6  The variation  in wave tran sm iss io n  tim e w ith m oistu re , 
shown for coarse and fine sand.
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carried  ou t by Wyllie et al. (7, 11]. They showed how the  velocity 
varies as a  function of w ater and a ir sa tu ra tio n  in a sandstone  core. 
Velocity differences of as m uch as 30% betw een the cores of 100% 
w ater sa tu ra te d  and 100% air sa tu ra ted  were show n to exist. For 
sa n d s to n e  specim ens there  is a  m arked  decrease  in  velocity as 
sa tu ra tio n  is reduced  from 100% to ab o u t 70%. Between 70% and 
10% th e  velocities are constan t; below 10% they  are e rra tic . O ur 
experim en ta l re su lts  seem  reasonab le  w hen  in te rp re ted  from  the 
sam e perspective.
The am plitudes of the transm itted  waves were very poor in the 
case  of b o th  coarse  and  fine dry sa n d s  becau se  of th e ir  highly 
a tten u a tin g  na tu re . We found th a t the tran sm itted  signals were, in 
general, very sm all under dry conditions, m aking it quite  difficult to 
estim ate  tra n s it  tim es. B ut the wave tran sm ission  (signal strength) 
improved as the  satu ration  was increased in  both  the sands. Based on 
th e  ex p e rim en ta l observa tions it a p p e a rs  the  tra n s m is s io n  of 
u ltrason ic  waves in  unconsolidated aggregates like sand  will always be 
poor com pared to consolidated aggregates like rock sam ples of the 
sam e porosity.
4 .3  TILE-WATER SYSTEM
In the  case  of "stack of tiles" system , a  s im u lan t of frac tu red  
rock system , it w as experimentally found th a t the com pressional wave 
velocity w as quite sensitive to m oisture content even though  it was not 
too sensitive to very sm all variations in the  w ater con ten t p resen t in 
the  gap betw een the tiles forming the crevices.
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We fo u n d  th a t  wave t r a n s i t  tim e h a s  d e c rea se d  q u ite  
considerably  from the case where there w as no w ater in the  system  
(all the  gaps betw een the tiles had  air only) com pared w ith the  case 
w here all the  gaps were completely filled w ith w ater (see Fig. 7). 
Experim entally observed resu lts are tabu lated  in Table 3. In the case 
where there  w as no w ater in the gaps the wave tran s it tim e recorded 
was 200 m icroseconds. The experim entally observed tim e w as m uch 
higher th a n  the sum  of the travel tim es in ceram ic tiles and  a ir pa th s 
com puted theoretically. This w as true  for all the  cases w hen a t least 
one of the  gaps w as sa tu ra ted  w ith air. W ith all the  gaps filled with 
w ater the  wave tran s it time approached the sum  of the travel tim es in 
ceram ic tiles an d  w ater p a th s  even th o u g h  th e re  is still som e 
difference in observed and com puted travel tim es. (Observed being 
greater.)
Wyllie e t al. [7] m ade a  sim ilar observation w hen they  m ade 
velocity m easu rem en ts on a  s tack  of m icroscope slides. Across 50 
slides the  velocity was 1650 f t/s . which w as very low w hen com pared 
to the  tru e  velocity of 17,530 f t /s .  The reason  for su ch  a  g rea t 
decrease  in  velocities is a ttr ib u te d  to a  lack  of p roper coupling 
betw een the  m aterials in contact.
In the  case of tile system  as in the case of dry san d  experim ents 
it w as found th a t the transm ission of u ltrason ic  energy w as very poor 
w hen all the  gaps between the tiles forming the  fissures are  dry, i.e. 
fully sa tu ra ted  w ith air. Because of the poor th rough-transm ission  of 
u ltrason ic  waves the  wave tran s it time m easurem ents were difficult to 
m ake. T hus there  is always a  possibility of the  error being large in the 
observed wave tran s it time for th is case. As the  num ber of gaps filled
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w ith w ater were increased the transm itted  signal on the oscilloscope 
grew  s tro n g e r, th u s  m aking  th e  m e a su re m e n t of th e  wave- 
transm ission  time less tedious and more accurate.
No experim ental resu lts are given here for the  am plitude of the 
wave tran sm itted  th rough  a  layered system  and  also san d  system s. 
M easurem ents of th is  sort were extremely difficult to perform  because 
of sm all am plitudes of the transm itted  signal. The reduced energy 
level of the  tran sm itted  wave also m akes th e  tim e m easu rem en t 
difficult. The very low transm itted  signal is co n sis ten t w ith the  
resu lts  from theoretical analysis shown in Fig. 12 (next chapter).
ERROR ESTIMATE
The m easu rem en t of wave tran s it tim e in the  case of tiles w ith 
all the  gaps sa tu ra ted  with air was difficult due to reception of weak 
signals on oscilloscope. T hus the error expected in  th is  case  was 
high. As the  gaps were filled w ith w ater the  accuracy  of the  wave 
tra n s it tim e m easurem ent improved. From Table 5 (next chapter) the 
erro r in the  m easu rem en t of wave tra n s it  tim e (difference betw een 
experim ental and  theoretically  com puted value) w hen all the  gaps 
were a ir  s a tu ra te d  w as 7.47% w hich w as high com pared to o ther 
cases.
37
Table 3
Experim ental d a ta  of experiment 3 sim ulating crevices in the  rock
pulser/receiver.............  oscilloscope
w ater filled 
gaps
Rep.
ra te
damp. pulse
heigh t
atten. gain volts/d iv  tim e
(k) (W) (volts) (db) (db) (volts) (psec)
0 0.2 500 900 0.0 70 0.05 2 00
1 0.2 500 900 0.0 70 0.2 150
2 0.2 500 400 0.0 70 0.5 80
3 0.2 500 50 0.0 70 0.5 10
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Figure 7  G raphical illustration of variation in wave tran s it time as gaps 
betw een ceram ic tiles were filled w ith water.
C hapter 5
THEORETICAL ANALYSIS
5.1  INTRODUCTION
In th is  chap ter a qualitative analysis is p resen ted  to ju stify  the 
lowering of th e  velocity in the porous gaps, hence increased  tra n s it 
time, w hen one or more gaps of the sim ulan t tile system  is sa tu ra ted  
by air. The experim entally observed resu lts  are theoretically  justified  
in the  la ter p a rt of th is chapter.
5 .2  ANALYSIS
It is experim entally found as sta ted  in the previous chap ter th a t 
the  wave tra n s it  time was considerably higher com pared to the  sum  of 
th e  travel tim es in the com bination of the com ponents nam ely  the  
ceram ic tiles and  air gaps. Consider the transm ission  of a n  u ltrasonic  
signal th rough  the tile system  (sim ulant system  was m ade of four tiles) 
w hen all of the  gaps are air filled. The observed w ave-transit tim e was 
200 |is  w hich was very large com pared to the travel tim e in  four tiles 
w hich w as 8 m icroseconds. A theoretical s tu d y  w as m ade in  an  
a ttem p t to explain the large differences between the  observed and
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co m pu ted  t ra n s it  tim es. It shou ld  be no ted  th a t  theo re tica lly  
com pu ted  tra n s it  tim es here  are  no t ca lcu la ted  b ased  upon  the 
estim ation of effective properties of the porous gap. It is a  simple sum  
of travel tim es in tile and  the gap (not a  porous gap) w hich is e ither 
a ir  o r w ater only. Also, a  theoretical analysis w as carried  o u t to 
u n d e rs ta n d  u ltrason ic  transm ission  (transm itted  fraction  of energy) 
th rough  tile system .
The following calculations are m ade calculations to determ ine
• The velocities in  the  various m ateria ls  an d  gaps in  the  
stacked-tile  system .
• The reflection coefficients betw een the  tile and  the gap, as 
well as betw een the  gap and  tile, for a  co n stan t gap th ickness, b u t 
varying porosity of the  gap. C alculations were repeated  for several 
th icknesses.
• The a ttenuation  of the ultrasonic signal as it traverses through 
the  various regions of the  stacked-tile system.
• The to tal tra n s it tim e for a  signal traversing  a  stacked-tile  
system .
In all calculations, it is assum ed th a t the  tile is hom ogeneous 
and  w ithout porosity (at least on the scale considered here), and  it is 
fu rth er assum ed th a t there can be some contact betw een the  tiles in a 
gap. (One side of the  ceram ic tiles was sm ooth and  glazed, and  the 
o th er w as roughened.) This is handled in the  m odel by trea ting  the 
gap a s  a  porous m edium . T hus the tile system  is rep resen ted  as a 
m odel m ade of alternating  series of dense and porous m edia. The gap 
th ickness w as taken  to be 1.36 mm in all calculations, and  th is w as set
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by a  th ic k n e ss  e s tim ate s  and  by e s tim a te s  from tra n sm iss io n  
m easu rem en ts .
The following form ulae have been  u sed  for com puting  the  
theoretical values of velocities in the porous media. A key elem ent is 
the  determ ination  of the  sonic velocity in  the  region of in terest. This 
is done by first finding the effective density  and  bulk  m odulus. The 
effective density  of m ateria l in the gap ipejj) is a  com posite of the 
fraction th a t is solid and  the rem ainder of the fluid th a t fills the gap.
where <Z> is the porosity of the gap, p f  is the density  of the  fluid and ps 
is the density  of solid. The surface contact betw een each tile due  to 
rough  su rface  pro jections determ ines th e  porosity. Zero porosity  
m eans perfectly  sm ooth  con tact betw een th e  su rfaces while 100% 
porosity m eans there  is finite air gap betw een tiles (no contact).
The bu lk  m odulus of the composite m edium  is given by
P ejf = Pf O + Ps (1-®) (6)
K ejf= (7)
H ere
Keff = effective bulk  m odulus 
Ks  = bulk m odulus of the solid
0 = porosity
K j  = bulk  m odulus of the  fluid
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The velocity in the composite m edium  is
V = Kelf
Pejf
(8)
Num erical values of the properties of the sa tu ra tin g  fluids and  
ceram ic tiles used in the velocity calculations are listed in Table 4.
Fig. 8 show s how porosity  affects velocity in tile -a ir porous 
m edium . T here is little change in velocity a s  th e  porosity  varies 
betw een 5 and  95%. B ut the velocity drops sharp ly  below 5% porosity 
level.
Sim ilarly the velocity through  the tile-w ater porous m edia as a 
function  of porosity h a s  been determ ined and is show n in  Fig. 9. 
Unlike the  a ir gap resu lts, where there  is a  initial sh a rp  decrease in 
the  velocity, the velocity through the tile-water porous m edia follows a 
m onotonic curve with increasing porosity.
The reflection coefficients have been calculated  for the  tile-air 
and  tile-w ater porous m edia as a function of porosity. The reflection 
coefficien ts for th e  norm ally  in c id en t com pressiona l w aves are  
calculated using  the formula (121
= W & L - V f P j .
Ke lf  (VsPs + Vjpji (9)
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Table 4.
Properties of the  sa tu ra tin g  fluids and tile a t room tem pera tu re  and  
p ressure .
M edium V P K
m /s k g /m 3 N /m 2
Air 343 1.21 1.424 x 105
W ater 1480 998.00 2.189 x  109
Tile 3175 2080 .00 2.097 x  1010
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Figure 8  Variation of wave velocity a t a  tile-air gap interface.
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For the  tile-air system , Fig. 10 shows th a t even a  sm all am ount 
of a ir can  increase the reflection coefficient trem endously.
T his reduces the  am oun t of energy tran sm itte d  th ro u g h  the  
po rous m edium  in w hich a ir is one of the constituen ts . Since the 
tran sm itted  energy is weakened significantly w ith the presence of air, 
th e  m e a su re m e n t of t r a n s i t  tim e th ro u g h  th e  p o ro u s  m ed ia  
unequivocally  is difficult. T hus there is always a  certa in  am o u n t of 
error associated  w ith th is m easurem ent. Like the velocity in the tile- 
a ir  m edium  th e  reflection coefficient does no t change m uch  a s  a 
function  of porosity after the initial ju m p  in the reflection coefficient. 
Fig. 11 show s the  re la tionsh ip  betw een reflection coefficient and  
porosity for the  tile-water system .
Finally the  transm itted  energy through  the tile system  h as  been 
com puted  for various gaps assum ed  full of w ater. In th is  case  the 
porosity of the  gap was taken as a param eter. In these calculations the 
a tte n u a t io n  in  th e  tile m ed ium  h a s  been  in c lu d ed  w hile the  
a tten u a tio n  of the porous m edium  h as no t been because of the  sm all 
dim ension of the  latter. A m easured  value for a tten u a tio n  th rough  a 
single tile h a s  been  u sed  to determ ine the  ch a rac te ris tic s  of th a t 
m edium . The ratio  of transm itted  to incident energy for a  single tile 
w as m easured , and th a t ratio w as used to determ ine an  a tten u a tio n  
coefficient. This is shown below.
w here
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Figure 10 Energy reflection coefficient to an  u ltrason ic  
wave a t a  tile-air interface.
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Figure 11 Energy reflection coefficient to an u ltrason ic  wave a t a  
tile-w ater interface.
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I t  = Energy transm itted  
I{ = Energy incident 
v = A ttenuation coefficient
x  = d istance
Fig. 12 show s the  com puted resu lts  of the  tran sm itted  energy 
th ro u g h  a four-tile system . In th is calculation, th e  porosity  of the 
in te rfaces (i.e. the  fraction of the gap volum e filled w ith  fluid) is 
trea ted  as a  param eter. Calculations were carried ou t for none, one, 
two and th ree  gaps filled w ith w ater (the rem aining ones being filled 
w ith air). However, if any of the gaps is filled w ith air, the  transm itted  
energy variation is nearly the  sam e (the lowest curve in  the  Fig. 12). 
Low gap porosity  w ith all gaps filled w ith w ater show s m uch  more 
transm ission  th an  any of the cases where a ir is present.
The theo re tica l and  graphical illu s tra tio n s  p resen ted  in  the  
p rev ious sections in  the  p resen t ch ap te r shou ld  help  u s  explain 
ino rd ina te  tim e delay of u ltrason ic  waves in p a ss in g  th rough  the 
sim u lan t cracked rock system . Also it also helps u s  explain why the 
observed signals are in some cases very weak.
In the  following parag rap h s an  analysis is  p resen ted  to see 
w h e th e r experim entally  observed tra n s it  tim es for th e  sim u la ted  
fra c tu re d  rock  system  for various sa tu ra tio n  cond itions a re  in 
ag reem en t w ith  theo re tica lly  com puted  tr a n s it  tim es b ased  on 
estim ation of bu lk  properties of the porous gap.
Once again  consider the  tran sm iss io n  of u ltra so n ic  signals 
th ro u g h  th e  tile  system  described  earlie r. E x p erim en ta l and  
theoretically  calculated resu lts  are shown in Fig. 13. Table 5 shows 
th e  th eo re tica lly  com pu ted  tra n s it  tim e v a lu es  a long  w ith  the
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experim entally  observed resu lts . The tran s it tim e th rough  the  tile 
system  w hen the gaps betw een tiles is completely sa tu ra ted  w ith air 
w as significantly higher th an  the sum  of the tran s it time through tiles. 
As the  n u m b er of gaps sa tu ra ted  w ith a ir is reduced  the  velocity 
in c reases . T here is a  close agreem ent betw een th e  theoretically  
calcu lated  and experim entally observed tra n s it  tim es (please refer to 
Fig. 13) w hen some or all the  gaps are fully sa tu ra te d  w ith w ater. 
T here is a  difference in observed and calcu lated  wave tra n s it time 
w hen the modelled system  is totally dry.
The following procedure has been used to evaluate tran s it tim es 
theoretically.
To begin w ith there was no accurate m eans of m easuring  either 
th e  porosity or the th ickness of the porous gap betw een the tiles. But 
the  relation betw een porosity and  thickness is given by
w ater content in the gaps = A dp & (11)
w h e re
A  = the front surface area  of the tile 
dp = th ickness of the porous gap 
0  = porosity of the  gap
From  equation  (11) observe th a t both  porosity  and  th ick n ess  are  
related  and these are only the two unknow ns since the  to tal volume of 
th e  w ater p resen t in the gaps is known. For a  given porosity of the 
gap, the  average gap th ickness and the velocities in  the  porous gap 
(for a ir and w ater saturated) are calculated from equation  (11) and (8). 
W ith gap th ickness and  velocities in the porous gap known the tran sit
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Figure 12 Fraction of transm itted  energy in a  four-tile stack  
system . R esu lts for one or m ore gaps filled w ith  a ir 
correspond to the abscissa.
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time through  the porous gap for various conditions is easily calculated.
The to tal tra n s it time through the tile system  is the  sum  of the 
tim es to traverse  th e  four tiles and  3 porous gap th icknesses. A 
sim ple FORTRAN program  was w ritten using  the  equations (6-11) to 
com pute num erically  and tabu late  the total tran s it tim e th rough  the  
tile system  a s  a  function  of porosity. In fact the  p rogram  also 
com putes reflection coefficients between a  porous gap (water filled or 
a ir  filled) and  tile, and  tran sm itted  energy th ro u g h  the  s im u lan t 
system . For calculation of transm itted  energy a  u n it inciden t energy 
w as used . The experim ental wave tran s it tim es seem  to agree quite 
well w ith num erically com puted values for the system  of 77% porosity. 
At 77% porosity  from equation  (11) the  average th ic k n ess  w as 
determ ined to be 1.36 mm which appears to be reasonable com pared 
to the  apparen t gap thickness of the tile system .
T hus th e  observed experim ental resu lts  seem  to agree w ith the 
theoretically calculated values within the perm issible range of error.
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Table 5
T able show ing  th e  ex p erim en ta lly  observed  an d  th e o re tic a lly  
calculated resu lts
Gaps filled w ith w ater T ransit time (ps) tran s it time (ps)
(Theoretical ) (Experim ental )
Porosity = 77%
3 10.750 10.0
2 79.223 80 .0
1 147.696 150.0
0 216 .169  200 .0
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Figure 13 Experim ental resu lts  and calculations for the  tran s it 
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C hapter 6
CONCLUSION
6 .1  CONCLUSION
An e x p e rim e n ta l e v a lu a tio n  of co m m erc ia l u l tr a s o n ic s  
equipm ent h as been m ade to see how effective th is is for determ ining 
m oisture  con ten t in fractured or g ranu la r media. This w as m otivated 
by a  need  for determ ining , non invasively, m o is tu re  c o n te n t in 
labo ra to ry  flow experim ents in frac tu red  m edia. The experim ental 
m easu rem en ts were m ade a t a  0.5 MHz frequency.
A m ore  b a s ic  objective w as to  u n d e rs ta n d  u ltra s o n ic  
tran sm iss io n  in sand  and  fractured  rock as a  function  of degree of 
sa tu ra tio n  to see w hether or not th is  m ight be used  in u n sa tu ra te d  
flow experim ents. In the p u rsu it of th is  objective experim ents were 
conducted  in sand /m o istu re , and tile s/m o istu re  system s. The la tte r 
case w as used  to sim ulate fractured, consolidated media, and  various 
com binations of gaps betw een tiles were w ater sa tu ra ted . In the  
sa n d /m o is tu re  system s there  w as no t m uch  change in  the  wave 
tra n sm iss io n  tim e of u ltrason ic  sound  signal a s th e  m o is tu re  is 
changed drastically (from dry conditions to full saturation) in the sand. 
In the  case of tiles/m oistu re  system s the pattern  of resu lts  w as as
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an tic ip a ted , w ith tra n s it tim e decreasing  as gaps were filled w ith 
w ater.
A m athem atical model was form ulated to m ake calcu lations to 
explain experim ental observations in the tile system . The lowering of 
wave velocities takes place even in the presence of sm all am oun ts of 
air. T hus the  wave transm ission  tim e increases trem endously  due to 
the  p resence  of a ir in the  porous m edium . Likewise the  reflection 
coefficient h a s  been show n to increase significantly w ith presence of 
a ir  th u s  m ak ing  the  observation  of tran sm itte d  s ig n a ls  on an  
oscilloscope difficult. The difference in the observed an d  com puted 
tim es is negligible for the cases w hen th e  system  h a s  one or more 
gaps fully sa tu ra ted  w ith water. There is a  difference in the  observed 
and  com puted tim es in the system  sa tu ra ted  with air.
U ltrason ics w as th u s  determ ined  to have lim ited  va lue  in 
u n sa tu ra ted  flow experiments based upon this study.
6 .2  RECOMMENDATION
The response of u ltrasonic s tre ss  waves to the m oisture content 
in  th e  s im u la n t frac tu red  rock system  is quite encourag ing  even 
though  it is  no t sensitive to sm all varia tions of m o istu re  con ten t. 
B ased on the  experim ental observations from tile system s it looks 
feasible to u se  ultrasonics for future stud ies to sense m oisture content 
(at least sa tu ra ted  conditions) in the actual fractured rock system . In 
addition to using  velocity for m oisture m easurem ents the  possibility of 
app lica tion  of a tten u a tio n  of u ltra so n ic  s tre ss  w aves for m aking  
m o is tu re  m easu rem en ts  could be explored. Since a tte n u a tio n  is
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frequency dependent unlike velocity (in the high frequency zone) the 
m oisture  m easu rem en t experim ents at different frequencies could be 
co n d u c ted . From  the  lite ra tu re  review  th e  op tim al u ltra so n ic  
frequency range for m aking a tten u a tio n  m easu rem en ts in  geologic 
m ateria ls seem s to be 50-100 kHz. The possibility of u sing  sh ea r 
wave velocity for m aking m oisture  m easu rem en ts in  the  frac tu red  
rock system  could also be evaluated in the future work.
NOMENCLATURE
A  = Area of the front face of the tile
a  = Am plitude
amax = Maximum am plitude
b, c, a / D  = Factor used in eqn (1)
db  = Decibel
d c = Thickness of the tile
dp = Thickness of the porous gap
E  = Young's m odulus
/  = Frequency
Jp = Pulse repetition frequency
G = Shear Modulus
g  = Acceleration due to gravity
Ii = Energy incident
Jr = Energy reflected
It  = Energy transm itted
k  = Rock constan t used in eqn (3)
Kc = Bulk m odulus of the ceramic tile
Keff = Effective bulk m odulus
Kf = Bulk m odulus of the fluid
Ks = Bulk m odulus of the solid
m  = Mass
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Po = O verburden pressure
pf = Form ation p ressure
9 = Quality factor
R = Reflection coefficient
R elf - Effective reflection coefficient
T - Time period
Tp = Pulse repetition period
T r = T ransm ission  coefficient
T W T T = Total wave tran s it time
t = tim e
V - Com pressional wave velocity
Vc = Com pressional wave velocity in
VJ = Velocity in fluid
Vs = Velocity in  solid
V = Volume
W T T = Wave tran sit time
X = D istance
Z = D epth
PeSf = Effective density  of m aterial in i
PS = Density of the fluid
Ps = Density of the solid
Pc - Density of the ceramic tile
e = Poisson's ratio
0 = Porosity
CO = Angular frequency
l i ,  A = Lame's constan t
A ttenuation  coefficient 
Pulse decay coefficient
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A ppendix  A
EXPERIMENTAL APPARATUS 
HIGH VOLTAGE PULSER-RECEIVER
A.1 INTRODUCTION
A brief d iscussion  of description, applications and  definition of 
som e term s re la ted  to the  pu lser-receiver (Panam etrics m odel no. 
5058) are given below.
A.2 DESCRIPTION
T he p u lse r-re c e iv e r  h a s  b een  d e s ig n ed  for u l tra s o n ic  
applications requiring high m aterial penetration. It can power u p  to 
900 Volts in an  im pulse-type excitation either in  discrete or continuos 
steps. The receiving section h as the ability to boost the  signal w ith 
gain up  to 60 dB. Additional gain of 30 dB is obtained th rough  an  
auxiliary  pre-am plifier. The 5058 PR is also designed to trigger a t 
frequencies also know n as pulse repetition  frequency betw een the  
range of 20  Hz to 2 kHz.
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A.3 APPLICATIONS
The m anufactu rer 's  literature lists a  wide range of applications 
such  as flaw detection, thickness gauging, and m aterial analysis work 
(sound  velocity , a tte n u a tio n , sc a tte rin g , etc.) in  th e  following 
m aterials:
. Coarse grain cast m etals, concrete, stone, soil, and  sand  
. com posites and fibreglass 
. very th ick plastics or rubber 
. highly a ttenuating  liquids, slurries or em ulsions 
. wood and fiberboard 
. air gaps
A.4 DEFINITIONS
PULSE HEIGHT (VOLTS)
The s tre n g th  of the  in p u t e lectrica l signa l to pow er the  
transm itting  tran sd u ce r is m anipulated using pulse height in strum en t 
control.
REPETITION (REP) RATE (HZ)
It is also known as pulse repetition frequency. It is the num ber 
of tim es the  transm itting  transducer is triggered.
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MODE
The pu lser-receiver can  be se t into e ither pu lse-echo  or th rough- 
transm ission  u ltrasonic investigation using the mode toggle switch.
SYNC OUT
This synchronizes the operations of the transm itting  tran sducer 
and the  oscilloscope, i.e. in p u t signals are se n t s im u ltaneously  to 
tran sd u cer and oscilloscope.
GAIN (DB)
If the  received signal (by the receiving transducer) is very weak, 
as in the  case  of tran sm iss ion  of u ltrason ic  w aves th rough  highly 
a ttenua ting  m aterials, th en  the gain setting can  be used  to boost the 
ou tpu t signal before being sent to the oscilloscope.
ATTENUATION (DB)
The a ttenua tion  is the reverse of the gain function. This control 
is used  to dim inish the  intensity  level of the strong  received signal as 
m ay be possible in the propagation of waves th rough  m etals of very 
fine grain struc tu re .
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VERNIER (DB)
This in s tru m e n t contro l is used  to fine tu n e  th e  gain  or 
a ttenuation  settings.
AUXILIARY PRE - AMPLIFIER
This can  provide an  additional gain of 30 dB.
RF OUTPUT
The modified signal a t the receiving section of pulser-receiver is 
sen t as inpu t signal to digital/analog oscilloscope.
A.5 MODES OF OPERATIONS
There are basically two operational modes of pulser-receiver
A .5.1 PULSE ECHO OPERATION
This is illustrated in Fig. 14 and Fig. 15
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TRANSDUCER
SAMPLE
PULSER - RECEIVER 
5058
+SYNC
OUT T/R
R/F
OUT CHI
OSCILLOSCOPE
CH2
OR SYNC
Figure 14 Shows connections for the pulse echo operation setup
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TRANSDUCER
PULSER - RECEIVER
AUXAMP
IN OUT
TEE ADAPTER 
CT’ JACK)
Figure 15 Shows connections for the pulse echo operation se tu p  with 
auxiliary pre-amplifier.
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A .5.2 THROUGH-TRANSMISSION FIG. 16 AND FIG. 17
TRANSMITTING
TRANSDUCER
RECEIVING
TRANSDUCER
SAMPLE
PULSER - RECEIVER 
5058
+SYNC
OUT
R/F
OUT
OSCILLOSCOPE
CHI
CH2
OR SYNC
Figure 16 Shows connections for the th rough-transm ission  operation 
se tup
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RECEIVING
TRANSDUCER
PULSER - RECEIVER
AUXAMP
IN OUT R
1
Figure 17 Shows connections for the th rough-transm ission  operation 
se tup  w ith auxiliary pre-amplifier.
APPENDIX B
B .l SAMPLE TIME MEASUREMENT
T h is  se c tio n  ex p la in s  how  to m ak e  a n  e x p e rim e n ta l 
m e a su re m e n t of wave t ra n s it  tim e in  'th ro u g h  tra n s m iss io n ' 
experim ents. The connections for the through transm ission  se t up  is 
show n in Fig. 16 in Appendix A. The tran sducers  are m ounted on the 
opposite sides of the sample. A suitable couplan t such  as glycerine is 
used  betw een the face of a  transducer and the sam ple surface to affect 
the  tran sm iss io n  of sound  energy th rough  a  sam ple. The following 
se ttin g s  are  suggested  on d ig ita l/an a lo g  oscilloscope and  p u lse r- 
receiver in stru m en t for through-transm ission. These settings are only 
for a  typical m easurem ent on 1 inch thick acrylic plastic sheet.
PULSER-RECEIVER SETTINGS 
R epetition ra te  2 kHz
Pulse height 500
Dam ping 500
Mode (Through transm ission)
A ttenuator 50 dB
Gain 40 dB
72
73
V ern ie r Pushed (off)
Phase 0
Lo pass Out
Hi pass  Out
OSCILLOSCOPE SETTINGS
Vertical sensitivity 0.2 V /cm  
Horizontal sweep rate  1.0 p s/cm  
External trigger +slope
W ith everything properly set on the oscilloscope and pulser-receiver 
as indicated above, the display on the oscilloscope should be as shown 
in Fig. 18.
wQ
g
Eu TRANSIT TIME
TIME BASE
Figure 18 Shows tran sit time m easurem ent through a 1.0" thick 
acrylic p lastic  sheet on an  oscilloscope
A ppendix  C
TILE CALCULATIONS
C .l INTRODUCTION
The p rocedure  to com pute the  velocities and  tra n s it  tim es 
th ro u g h  the  tile system  is given in th is section. The com pressional 
wave velocity in the  porous gap betw een the  tiles is calculated  from 
Kej j  and  pej j  calculated for various proportions of tile-air and  tile-water
com ponents. The bulk  m odulus and density of the  w ater and  air are 
easily  available. However, these properties for the  ceram ic tile were 
calculated as shown in the  section below.
C.2 CALCULATION OF BULK MODULUS OF THE CERAMIC 
TELE (Glazed, Flat surface on one side with rough surface on other)
For the calculation of the bulk m odulus of the  ceram ic tile, the 
velocity  w as experim entally  m easu red  from th e  tim e of traverse  
th rough  a  known distance su ch  as the th ickness of a  tile. From the 
know n velocity in the  ceram ic tile and density  the  b u lk  m odulus is 
calculated from a  simple relation such  as equation (8).
D im ensions of the ceramic tile = 0.2 x 0.2 x 0.005 m
74
75
E xperim entally  m easured  time to traverse one tile th ickness  using  
th rough-transm ission  technique
t = 2 (is
Velocity in the  ceram ic tile
Vc = dc / t  (12)
= 0 .2 /2  x 10'6 = 3 1 7 5  m /s  
Volume of the tile v = 262.19 cm3
Density of the ceramic tile pc = m /v c = 2.08 g /cm 3
Bulk Modulus Kc =Pc^c (13)
= 1.01 x 10 11 dynes/cm 2 
= 2.097 x 1010 N /m 2
C.3 SAMPLE CALCULATION OF THE TOTAL WAVE-TRANSIT 
TIME THROUGH A TILE SYSTEM
M easured total volume of the w ater in the porous gaps = 130 ml 
Porosity of the gap (assume) = 77.5 %
Area of the  cross-section of the ceramic tile A = 412.90 cm2 
Average th ickness of the each gap of 4 tile system  (3 gaps) from
dp =v/3A®  (10)
= 1.36mm
Velocity in the porous gap m ade of tile and a ir com ponents a t 77.5%
porosity is
VTA = 19.0917 m /s
Velocity in th e  porous gap m ade of tile and  w ater com ponents a t
77.5% porosity is 
VTW= 1491.1444 m /s
TW TT = Total time required to traverse 4 tiles ( 4 x 2  = 8 |_ts) + Total 
tim e to traverse  the  3 gaps a t velocities based  on th e  sa tu ra te d  
conditions of the gaps (whether each gap is water or air sa turated) 
CASE 1
Total wave tra n s it  tim e w hen all the  gaps are fully sa tu ra te d  w ith 
w ater.
T W T T  = Total tim e to traverse 4 tile system  ( 4 x 2  = 8 gs) + Total
time to traverse the 3 gaps sa tu rated  with water.
TWTT  = 8 + (3 x gap t h i c k n e s s / )
TWTT = 8 + [( 3 x  1.36 x 10'3 x 106)/1491 . 144 ]
= 8 + 2.82 
= 10.82 gs 
CASE 2
Wave tra n s it  time w hen two gaps are w ater sa tu ra ted  and  one is air 
sa tu ra ted . The total time is the sum  of the tim es required to p ass  
th ro u g h  four tile th icknesses, two w ater sa tu ra ted  porous gaps and 
one a ir sa tu ra ted  gap.
TWTT  = 8 + (2 /3  x 2.8152) + [( 1.3993x 103)/19 .0917  ]
= 8 + 1.877 + 73.29 
= 83.168 gs 
CASE 3
Wave tra n s it  time when one gap is w ater sa tu ra ted  and  two gaps are 
air saturated:
TWTT  = 8 + 0.9384 + 2 x 73.29 = 155.5184 gs
CASE 4
Wave tra n s it time when all gaps are a ir sa tu ra ted  is the  tim e required 
to p ass  th rough  four tiles and 3 gaps between the tiles fully sa tu ra ted  
w ith air:
TWTT  = 8 + 3 x 73.29 = 227.87 gs
APPENDIX D
C PROGRAM IN FORTRAN TO COMPUTE THE VELOCITIES IN A 
C POROUS GAP AS A FUNCTION OF POROSITY, TOTAL WAVE 
C TRANSIT TIME THROUGH THE TILE SYSTEM (SIMULANT 
C FRACTURED ROCK SYSTEM), REFLECTION CO-EFFICIENTS AND 
C TRANSMITTED FRACTION OF ENERGY THROUGH A TILE SYSTEM 
C (A UNIT INCIDENT ENERGY WAS CONSIDERED).
DIMENSION VTA(41), VTW(41), REFTA(41), REFTW(41), 
DIMENSION TTTG(41,4), TE(41,4), PC(41)
OPEN (10,FILE='RESULTS', STATUS= 'NEW')
RHOA = 1.21 
RHOW = 998.0 
RKA = 1.424E05 
RKW = 2.189E09
C CALCULATING THE VELOCITIES IN A POROUS GAP AND 
C REFLECTION COEFFICIENTS
DO 10 1=1,41 
PC(I) = (I-1.0)*0.025
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R = PC(I)
RHOW = 998.0
VTA(I) = VEL(RKA, R, RHOA)
VTW(I) = VEL(RKW, R, RHOW)
REFTA(I) = REF(VTA(I), R. RHOA)
REFTW (I) = REF(VTW(I), R, RHOW)
10 CONTINUE
C CALCULATING THE TOTAL WAVE TRANSIT TIME AND 
C TRANSMITTED ENERGY
DO 20 1=1,41 
DO 30 N =1,4
TTTG(I.N) = TT(N, VTA(I), VTW(I))
TE(I,N) = RTE(N, REFTA(I), REFTW(I))
30  CONTINUE
20  CONTINUE
DO 50 1=1,41
WRITE(10, *) 'PC', VTA’, VTW', 'REFTA', 'REFTW'
WRITE (10, 5) PC(I), VTA(I), VTW(I), REFTA(I), REFTW(I) 
5 FORMAT(5F10.4)
5 0  CONTINUE
WRITE(10,*) TTTG', 'TE'
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DO 60 1=1,41 
DO 60 J = l,4
WRITE(10,6) PC(I), TTTG(I.J), TE(I,J)
6 FORMAT (IX, 3F12.7)
60  CONTINUE
STOP
END
C FUNCTION SUBPROGRAM TO COMPUTE THE VELOCITY
FUNCTION VEL(RK, P, RHO)
RHOT= 2080.0
RKT = 2.097E10
RHOEFF = RHO*P + RHOT*(l-P)
RHOEFF = RKT/ (1.0 + P*(RKT/RK -1.0))
VEL = SQRT(RKEFF/RHOEFF)
RETURN
END
C FUNCTION SUBPROGRAM TO COMPUTE TOTAL WAVE TRANSIT 
C TIME
FUNCTION TT(M,RVTA, RVTW)
TH = 0.4E-03
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DIV = 1.0E-06
TT = ((M-1.0) * TH/RVTA) + (4.0 - M) * TH/RVTW 
TT = 8 .0  + (TT/DIV)
RETURN
END
C FUNCTION SUBPROGRAM TO COMPUTE TRANSMITTED 
C FRACTION OF ENERGY ( A UNIT INCIDENT ENERGY WAS 
CONSIDERED) THROUGH A TILE SYSTEM FOR VARIOUS 
SATURATION 
C CONDITIONS.
FUNCTION RTE (M, RREFTA, RREFTW)
PA = 2*(M-1)
PB = 2*(4-M)
RTE = 0.325**2*((1.0 - RREFTA)**PA)*((1.0 - 
1 RREFTW)**PB)
RETURN
END
C FUNCTION SUBPROGRAM TO COMPUTE REFLECTION CO- 
C EFFICIENTS FOR VARIOUS POROSITIES OF THE TILE SYSTEM
FUNCTION REF (RRVTA, P. RHO)
RVT = 3175.0 
RHOT = 2080.0
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RHOEFF = RHO*P + RHOT*(l-P)
REF=(RHOT*RVT-RRVTA*RHOEFF) /  (RHOT*RVT+RRVTA 
1 *RHOEFF)
RETURN
END
A ppendix  B
THEORY OF ULTRASONICS
E .l DEFINITION OF ULTRASOUND
Sound waves above the frequency range of 20 KHz are known as 
u ltra so n ic  sound . U ltrasonics behave very m uch  sam e a s  sound  
except th a t  th e  w avelength is m uch  sm aller. S horter w avelengths 
m eans u ltra so u n d  can  be reflected off very sm all su rfaces su ch  as 
d e fec ts  in s id e  m a te ria ls . T his p ro p e rty  is  very  u se fu l in  
nondestructive testing  of m aterials. Since the m echanical properties 
of the  m edium  influence the propagation of u ltrason ic  waves, the  
charac teristics  of th e  u ltrasonic waves can be used  for investigative 
p u rposes. U ltrasound  canno t travel in a  vacuum  (em pty space). 
U ltrasound requires an  elastic medium  such  as a  liquid and solid.
E.2 THE CHARACTERISTICS OF WAVE MOTION
The s im p lest wave m otion is sim ple harm on ic  m otion, for 
w hich the  partic le  d isp lacem ent from the  position  of equilibrium  
varies sinusoidally with time. The particle velocity V and  the  acoustic
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p ressu re  p (in a  fluid medium) or stress (in a  solid medium) also vary 
in  the  sam e fashion [28]. The particle wave velocity and  the  wave 
velocity are  different.
E.2.1 FREQUENCY
T he n u m b er of cycles com pleted in  one second is called 
frequency  (/) and  is m easured  in Hertz (Hz) w here one cycle per 
second is one Hertz (1 Hz). The angular frequency is given by
E.2.2 PERIOD
The tim e required to complete one cycle is the  period (T). The 
relation betw een frequency and period is given by
E .2 .3  VELOCITY OF ULTRASOUND WAVE AND 
WAVELENGTH
The velocity of u ltrasound (V) in a  perfectly elastic m aterial a t a 
given tem pera tu re  and pressure is constant. The relation betw een V, 
J, A jand T is given by the following equations.
oo=2 nf. (14)
/ =  1 / T ( 1 5 )
A I =V/J (16)
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A , =VT (17)
where A jis the  wavelength.
E .2.4  RESOLUTION
R esolution is the ability of an  u ltrason ic  tra n sd u c e r  to give 
sim ultaneous, separate  indications from discontinuities having nearly 
the sam e range and lateral position with respect to the beam  axis.
E.3 TYPES OF WAVES
Several types of waves such  as longitudinal, transverse, surface 
(Love waves) an d  plate waves could be propagated in infinite solid 
media. In the case of longitudinal waves, the particles of the  m edium  
v ib rate  in  th e  direction of propagation, i.e. the x  d irection. The 
longitud inal waves can be propagated  in  all m edia having volum e 
elasticity. For transverse waves, the  particles of the m edium  vibrate 
in a  d irection a t right angles to th a t of propagation. To propagate 
th e se  w aves th e  m edia shou ld  p o sses  sh e a r  e la s tic ity  (solids). 
T ransverse waves are also known as sh ea r waves. The velocities of 
propagation V for longitudinal waves and  VT for transverse waves [29]
are given by the  expressions (18) and (19)
p (l+e)(l-2e) (18)
w here /j. and  A represen t the lam e's constan ts, 11 being equal to the 
shear m odulus G.
E.4 REFLECTION OF ULTRASONIC WAVES
W hen a  wave is incident norm al to the boundary  betw een two 
m edia, b o th  reflection and  tran sm iss io n  occur. Som e energy is 
reflected back  in  the opposite direction to the incident wave and  the 
re s t is propagated in the other direction. For a  plane wave a t norm al 
incidence, the  reflection coefficient R  and  transm ission  coefficient Tr
[29] are given by
w here  j f , / r , j f are  the  in ten sitie s  of th e  inc iden t, reflected  and
tran sm itted  waves respectively and the  suffixes 1 and  2 refer to the 
first and  second m edia respectively.
R = Ir /  h -  (p2 C2 - PiCi) /  (p2 C2 + PlCi) 
Tr = It /  Ii= 4 (p2 C2 PlCi) /  (p2 C2 + PlCi)
(20 )
(2 1 )
E.5 ABSORPTION OF ULTRASONIC WAVES
In a  perfectly elastic body there  are no losses of energy. But 
due to factors such  as internal friction, heat conduction, etc., there  is
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alw ays som e loss of energy w ith d istance as the  w aves traverse  
th rough  a  m edium , so absorption takes place. Intensity  is a  function 
of a  distance x  given by eqn (10).
The ab so rp tio n  coefficient depends on th e  n a tu re  of the  
m edium  and the frequency. The relationship betw een frequency and 
absorp tion  is linear a t lower frequencies, absorption being due mainly 
to in ternal friction losses. When the wavelength approaches the grain 
size the  phenom enon of scattering occurs.
E.6 PULSED WAVES
In m any applications of ultrasonics [29] pulsed waves are widely 
used . The pulsed waves are  characterized by the  pu lse  w id th r an d  
the  pu lse  repetition  periodrp. The pulse repetition frequency J  is
expressed as follows
fp = l / * p (22)
The above quan tities are different from the  values of the  wave
frequency /  and  its reciprocal, the wave period T.
Exponential pu lses are widely used in u ltrason ic  applications. 
The pulse is a decaying exponential curve, as given by [29]
a  = amax explo it)  (23)
w here t  rep resen ts the time and v t is a  coefficient w hich expresses 
the  ra te  of decay of the pulse. The pulse w idth of the  exponential
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curve is the tim e required  for the am plitude of pulse to decrease to 
one ten th  of its m axim um  value.
E .7 THE FACTORS EFFECTING THE EFFICIENCY OF 
ULTRASONIC DETECTION
C ertain  factors like frequency, charac teristics of the  electrical 
circuitry, the  tran sducers , and  the m aterial [29] u n d er test m u st be 
tak e n  in to  a cc o u n t w hen considering  th e  ab ility  of u ltra so n ic  
appara tus to indicate a  signal.
E.7.1 FREQUENCY
W hen the frequency is increased the in tensity  of the ultrasonic 
beam  increases. T hus a  higher frequency will give rise to an  increase 
in sensitivity. Also it should be noted th a t higher frequencies lead to 
excessive absorption.
E.7.2 PULSE WIDTH
The electrical signal generated by the tran sm itte r m ay have one 
of the forms [29] show n in the (Fig. 19) a t the  end of th is  appendix. 
The firs t is th a t  of a  rec tan g u la r pu lse  a n d  th e  second  of an 
exponential pulse. a max represents the  am p litude ,r the  pulse width
and /  the  wave frequency. One should apply a  pulse wide enough to 
obtain m axim um  am plitude of the oscillations of the  transducer.
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E .7.3 TRANSDUCERS
The su rface  a re a  of a  tra n sd u c e r  an d  its  sen sitiv ity  are  
im p o rtan t in  u ltrason ic  investigations [29]. A large su rface  a rea  
m eans a  decrease in the angle of divergence of beam  and the  am ount 
of en erg y  a rr iv in g  a t  th e  receiv ing  t r a n s d u c e r  in c re a s e s . 
Furtherm ore, for a  quartz transducer, an increase in the surface area 
will re su lt in the  im provem ent in its m atching  w ith the  electrical 
circuit w hen it is used either as a  transm itter, receiver, or both. This 
enab les the  production  of higher in tensities. The sensitiv ity  of the 
tran sd u ce r  depends on its dim ensions and the  type of piezoelectric 
m ateria l u sed . The heigh ts of the  echos ob tained  w ith  ceram ic 
tran sd u cers  are m uch higher than  those obtained with quartz  crystals.
E.7.4 COUPLING OP TRANSDUCERS
There is always an  air gap betw een the u ltrason ic  tran sd u ce r 
and the  surface of the m aterial to be tested, even though the surfaces 
of the  tran sd u ce r  and the m aterial m ay appear to be very sm ooth. 
Since th e  ch arac te ris tic  im pedance of the  solid m edium  is m uch 
g re a te r  th a n  th a t of air, a lm ost to ta l reflection  occu rs  a t  the  
tran sd u ce r-a ir boundary and the waves do not en ter the  te s t sample. 
Hence a  liquid couplant such  as oil or water is used. Liquids usually  
have a  characteristic  impedance of only 20 or 30 tim es less th a n  th a t 
of a solid. The sm oothness of the  surface of the  te s t m ateria l is of 
great im portance for greater transm ission  of waves.
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E.8 SEEING WITH SOUND
E .8.1 THE A-SCAN
The w idely u sed  u ltra so n ic  in s tru m e n t in  n o n d e s tru c tiv e  
testing  [30] is the  flaw detector, using an  A -scan d isplay (Fig. 20). 
The in s tru m e n t provides th e  voltage to pow er a  piezo electric 
tran sducer, the probe, which transm its a  dam ped pulse of waves into 
the  te s t object through a th in  coupling layer, su ch  a s  oil. The waves 
are  in troduced a t norm al incidence to the  surface of the  body to be 
tested . The echoes from th e  in te rnal defects a re  received by the 
tran sm itte r probe. The signals received are amplified and  fed to the 
CRT, and the  tim e base is synchronized to the  tran sm ittin g  pulse. 
The height of the  echo rep resen ts  the flaw size, and  the  m easured  
tim e is used  to com pute depth.
E.8.2 B-SCAN
To develop an  image, the ultrasonic beam  m ust be scanned over 
the  surface of the  te s t object [30]. In one type of m edical scanner, 
the  pa tien t lies prone and the probe is moved m anually  in the  vertical 
plane, w ith wave coupling provided by a  jelly. The probe is connected 
via m echanical linkages to position tran sducers  w hich m easure  its x  
and  y  coordinates and its orientation. The transducers o u tp u t signals 
determ ine the  origin and direction of a time base  sweep on the CRT 
as show n in Fig. 21. The am plitudes of echoes determ ine the spot 
b righ tness , and the ir d istance from the probe co rresponds to their
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distance from the tim ebase sweep origin. As the probe is rotated and 
moved over the body, an  image is bu ilt up  and  re ta ined  in digital 
storage. T hus the B-scan images a  slice through the body, norm al to 
the  surface.
E.8.3 C-SCAN
The C-scan develops an  image of a slice parallel to the surface of 
the  inspected body [30] (see fig. 21). In its orientation, it is sim ilar 
to an  x-ray b u t it rep resen ts reflections from a chosen  depth , ra th e r 
th a n  a tten u a tio n  th ro u g h  the  whole th ick n ess  of the  body. To 
produce a  C-scan image, the ultrasonic beam  m u st be scanned  over 
th e  volum e to be in spected . However, th is  tim e th e  x  and  y  
coordinates of the image displayed on the  CRT rep resen t the  lateral 
beam  of the beam  across the object plane. C -scan  im ages m ay be 
produced using  the sam e equipm ent as th a t for B-scanning.
E .9 FACTORS INFLUENCING ULTRASONIC TESTING
The following fac to rs are  to be considered  w hile carry ing  ou t 
u ltrasonic  testing [29]
i) The type of the object to be tested.
a) The condition and type of surface.
b) The geometry of the test specimen.
c) The struc tu re  of the tes t m aterial.
ii) The generation of the waves
a) The acoustic coupling between the probes and transducers .
b) The different types of probes and transducers.
c) The type of the equipm ent used.
fWWF
Figure 19 Shows a  rectangular and exponential pulse wave form. 
After [29].
SCOPE
X-PLATE
Y-PLATE
Figure 2 0  An A - Scan configuration is shown. After [30].
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Figure 21 An arrangem ent is shown for the B- and C- Scans. After
[30].
APPENDIX F
ATTENUATION CHARACTERISTICS FOR  
THE INFERENCE OF MOISTURE
F .l INTRODUCTION
In th is  section an  a ttem pt is m ade to p resen t the possibility of 
u sing  a tten u a tio n  for m aking m oisture m easu rem en ts even though  it 
h as  not been used  in  the p resen t work. Also inform ation relating to 
various aspects of a ttenuation  has been covered as a  p a rt of literature 
review. The inform ation presented in th is section could be very useful 
for fu ture  stud ies where attenuation  would be used  for the analysis of 
m oisture m easurem ents.
F.2 ATTENUATION
Like the  characteristic  velocity of the  waves, the  a ttenuation  of 
th e  u ltra so n ic  w aves can  also be u sed  to infer sa tu ra tio n  in  the  
geological m edia. A ttenuation  refers to the  decreasing  wave energy 
level a s  it p a sse s  th rough  a m edium . In p rac tice  several factors 
con tribu te  to a ttenuation . These factors include th e  spread ing  of the 
beam , scattering, absorption due to various m echanism s, and  mode
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conversion resu lting  in partitioning of the  energy am ong two or more 
wave m odes, each  travelling  a t its  own velocity. Like velocity, 
a ttenuation  depends on m any factors which are listed as below.
1. Frequency
2. S tra in  am plitude
3. Fluid saturation
4. P ressure and stress
5. T em perature
6. In ternal friction
7. Diffusion
8. Therm al conductivity
It also depends on m aterial properties like viscosity of the  fluid 
co n ta in ed  in  th e  po rous m edium , tex tu re , porosity , g ra in  size, 
com paction, and binding m aterial p resen t in the rocks.
D iscussion of some of these factors follows.
F.2.1 FREQUENCY DEPENDENCE
A ttenuation  is strongly dependent on the frequency of the  stress 
w aves. U nlike a tte n u a tio n  the velocity does n o t depend  on  the  
frequency in  the  u ltrason ic  or high frequency range. The choice of 
frequency  for a tte n u a tio n  m easu rem en ts  seem  very im p o rtan t in 
com parison  to velocity m easurem ents in u n sa tu ra te d  m edia. Low 
frequencies of o rder 50-100 kHz could be u sed  for a tte n u a tio n  
m easu rem en ts in  wood, concrete and geological m aterials because  of 
th e ir  b e tte r  p en e tra tio n . M ason and  M cskim in [13] carried  ou t 
m easurem ent of a ttenuation  of sound in several m etals and glasses and
studied  the effect of grain size and frequency on the am ount of sound 
energy d iss ip a ted  in the m edium . They find th a t for m eta ls  the  
a ttenuation  of bo th  longitudinal and torsional waves is proportional to 
frequency  a t  th e  lower frequencies and  to th e  fo u rth  pow er of 
frequency  a t th e  h igher frequencies. At m uch  h igher frequencies 
w here the grain size is more th an  three tim es the  wavelength, som e 
am oun t of a ttenuation  occurs due to diffusion which is independent of 
frequency. F rancis et al. [14] observe th a t for steady sta te  sine waves 
th e  a tte n u a tio n  is p roportiona l to frequency  in  d ry  co res a t 
a tm ospheric  p ressu re . Birch et al [15] have perform ed a tten u a tio n  
m easu rem en ts in a  granite using longitudinal, sh ea r and  torsional 
waves. The frequencies were varied betw een 140-1600 HZs. The 
a tte n u a tio n  w as found to vary in linear fash ion  w ith frequency. 
K rishnam urthy  and  B alakrishna [16] have conducted experim ents to 
m easure  the  absorption of sound in rocks in  the  frequency range of 2 
to 6 MHz. They found th a t the absorp tion  increases rap id ly  w ith 
increasing  frequency in the case of m ost rocks investigated. The 
a tten u a tio n  w as seen  to be higher in the am orphous su b s ta n c es  in 
w hich the  grain size is negligible. This is due to loose packing and the 
b inding  m ateria l p resen t in the rock. The a tten u a tio n  decreases as 
th e  frequency increases in the case of solid m ateria ls. They also 
observed th a t a ttenuation  varies linearly w ith frequency in the  case of 
lime stone w hich is fine grained, hom ogeneous and com pacted. The 
reaso n  a ttrib u ted  for th is observation m ay be due to the  absence of 
scattering. In shale which is loosely packed the  a ttenuation  changes 
drastically  w ith frequency due to dom inance of scattering . In rocks 
su c h  as d e c c a n tra p , dolerite  and  m arb le  w hose g ra in  size is
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com parable to the wavelengths used, the a ttenuation  is independent of 
frequency. W inkler et al. [17J have presen ted  d a ta  for a tten u a tio n  
(both for P and S- wave) as a  function of frequency for Berea sandstone 
(dry rocks) a t two different confining p ressu re s . It is seen  th a t  
a ttenuation  is alm ost independent of frequency except for some m inor 
fluctuations in the shear a ttenuation  data . These experim ents were 
conducted betw een 1 and 9 kHz. D ata w as also p resen ted  for shear 
wave a tten u a tio n  for w ater sa tu ra ted  rock a t various frequencies. In 
th e  s a tu ra te d  rocks th e  a tte n u a tio n  vs frequency  effect seem s 
predom inan t w hich w as no t found in the dry rocks. Born [18] h as  
conducted experim ents relating to a ttenuation  on sam ples m ade from 
shale, lim estone, sandstone. In dry cores, the  a tten u a tio n  was found 
to be proportional to frequency. With addition of sm all traces of w ater 
the  a tten u a tio n  w as the  sum  of two term s, one w as proportional to 
frequency and  o ther w as proportional to the square of the  frequency.
F .2.2 FLUID SATURATION
It is observed from the vast am ount of inform ation available from 
the resea rch  work conducted in the p a s t th a t the  a tten u a tio n  in the 
case  of fluid sa tu ra te d  rocks is h igher th a n  for th e  dry rocks. 
A ttenuation  depends on the  degree of sa tu ra tio n , fluid type, and  
frequency. It also depends on the viscosity of the  fluid contained in 
th e  rocks. W inkler e t al. [17] have found th a t  w ith  p a rtia l w ater 
sa tu ra tion  the a ttenuations of both the com pressional and  shear waves 
increase  significantly com pared to the respective a tten u a tio n s  in dry 
rocks. They found th a t shear wave energy a tten u a tio n  increases and
P-wave a ttenuation  decreases as the m oisture con ten t in  the  rocks is 
increased  to fully sa tu ra ted  condition. The ratio  of com pressional to 
sh e a r  a tte n u a tio n  seem s to be a b e tte r  m ea su re  of p a rtia l gas 
sa tu ra tio n  th a n  the  ratio  of com pressional to sh e a r wave velocities. 
Several researchers have found th a t the fluid in  th e  pores can  play a  
very im p o rtan t role on a tten u a tio n  in rocks. T ittm an n  et al. [19] 
observed th a t even when a sm all am ount of w ater vapour is removed, 
th e  a tten u a tio n  decreases by a  large m agnitude. Born [18] m ade 
sim ilar observation in the case of sandstone rocks. Wyllie et al. [20] 
found th a t  the  a tten u a tio n  increases w ith degree of sa tu ra tio n  in 
porous a lundum . A ttenuation  in the case of ex tensional waves w as 
m ore th an  the  torsional wave attenuation. The Q (quality factor) which 
is inversely proportional to a ttenuation  is found to reduce drastically a t 
low sa tu ra tions. The reason  for such reduction  in th e  a ttenua tion  is 
due to the  w etting effect of w ater entering the  fine cracks, softening 
th e  rock a s  a  re su lt of th e  w ater's in te rac tio n  w ith  in te rg ran u la r  
stru c tu re . Toksoz et al. [21] have carried ou t experim ents to study  
th e  com pressional an d  sh e a r  wave a tte n u a tio n  in  d ry  and  brine  
sa tu ra ted  sandstone. U nder fully sa tu ra ted  conditions com pressional 
wave a tten u a tio n  w as not very m uch different th a n  th a t  observed in 
th e  dry rock. B u t the  sh e a r wave a tten u a tio n  differed by a  large 
m agnitude from th a t  observed in the  dry rock. Jo h n s to n  et al. [22] 
used  the experim entally observed data  by Toksoz for an  analysis. They 
found th a t frictional sliding w as responsible for a tten u a tio n  in the diy  
and  wet rocks. As the  w ater wets the cracks in the  rocks, the  friction 
coefficient is reduced  w hich facilitates sliding, th u s  increasing  the  
a ttenuation  in the w ater sa tu ra ted  rocks.
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F.2.3 PRESSURE
Jo h n s to n  et al. [22] show  th a t a tte n u a tio n  d ecrea se s  w ith 
increasing  p ressu re . This is probably due to the  fact th a t  a t high 
p ressu res  the cracks in the rock collapse. W hen a  rock is subjected to 
p re s su re s  its  e lastic  and  anelastic  p roperties change an d  hence 
p ressu re  will effect the a ttenuation  characteristics of the  rocks. When 
p ressu re  is applied on the rocks the porosity changes in  addition to 
th e  closure of some cracks. Jo h n s to n  et al. [22] have found th a t the 
a tte n u a tio n  varies due  to the  change in  porosity  (due to applied 
pressure) w hich is sim ilar to velocity changes w ith porosity. It is to be 
no ted  th a t the  a tten u a tio n  (as in velocity) does no t depend on the 
abso lu te  m agnitude of e ither the  confining p ressu re  and  pore fluid 
p re s su re . The d ifferential p ressu re  de te rm ines th e  v a ria tio n  of 
a tte n u a tio n . Klima e t al. [23] have perform ed ex p erim en ts  to 
de term ine  th e  a tten u a tio n  varia tion  of P waves as a  function  of 
p re s su re  (up to 4 kb) in d iabase  dry rocks. The experim ental 
technique used  w as a  pulse transm ission m ethod a t a  frequency of 0.9 
MHz. They found th a t the attenuation  coefficient decreases clearly up 
to  1 kb. Levykin [24] h a s  carried out the analysis of P and  S wave 
a ttenua tion  in igneous and m etam orphic d iy  rocks u p  to p ressu res  of 
4 kb. The frequency used  in the  pulse transm ission  techn ique w as 1 
MHz. He also observed th a t a ttenuation  decreases very m uch  initially 
up  to a  p ressu re  of 1 kb and then  levels off. Toksoz [25] h a s  observed 
s im ila r behav io r for dry-, m ethane-, an d  w a te r-sa tu ra te d  B erea 
san d sto n e  a t  u ltrason ic  frequencies u sing  the  p u lse  tran sm iss io n
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technique. The a ttenuation  decreases initially before levelling of after 
som e p ressu re  in  the  lower range. Al-Sinawi [26] conducted P and  S 
wave a ttenuation  m easurem ents using a  pulse transm ission  technique 
a t 122 kHz frequency on variety of rock types. The experim ents were 
perform ed a t confining p ressu res of 0.5, 1.0 and 2 kb. He found th a t 
a s  indicated before th a t a ttenuation  decreased w ith p ressure . In some 
rocks, particu larly  lim estones, the  p ressu re  effect is quite  different. 
This is probably due to the  fine grained, hom ogeneous n a tu re  of the 
m aterial along w ith close packing of the grains.
F .2 .4  TEMPERATURE
As of now there  is not m uch da ta  to correlate the  dependence of 
a tte n u a tio n  on tem p era tu re . The experim ental d a ta  available [22] 
suggest th a t a tten u a tio n  is generally independen t of tem pera tu re  a t 
tem pera tu res low relative to the  melting tem pera tu re . A ttenuation  is 
strongly  dependen t on tem pera tu re  a t the  boiling tem p era tu re s  of 
pore fluids.
F .2 .5  INTERNAL FRICTION
Singh [27] h a s  conducted  research  w ork on th e  effect of 
in te rnal friction on a ttenuation . When the  elastic body is continually 
subjected to stresses, the tem perature increases. W hen su ch  a  body is 
se t in  v ibration and  isolated, the  vibrations are  dam ped ou t in tim e 
even if kept in  vacuum . A certain  am ount work is needed on the body 
to  keep th e  am p litude  of th e  oscillation  c o n s ta n t u n d e r  forced
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vibrations. This phenom enon of the expenditure of external work and 
h ea tin g  of the  body is collectively term ed in te rn a l friction. Singh 
observed th a t  in te rn a l friction could be one of th e  m ajor factors 
causing  a ttenua tion  of the incident wave, other factors being therm al 
conductivity, scattering and diffusion. T hus when sound  energy passes 
th rough  the rock, som e of the energy is spen t in overcoming in ternal 
friction. The am oun t of energy absorbed depends on th e  n a tu re  of 
rock and the  frequency of the propagating waves. His experim ental 
observation  show s th a t  the  rate  of absorp tion  is exponential a s the  
s tre ss  waves pass through a rock medium.
T hus we see th a t  a tten u a tio n  depends on fluid sa tu ra tio n  in 
addition  to several o ther factors discussed above. The above m aterial 
re la ting  to a tten u a tio n  characteristic  h a s  been p resen ted  to indicate 
th a t  a tte n u a tio n  v a ria tio n s  m ay be u sed  for m ak ing  m o is tu re  
m easu rem en ts .
